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FOREWORD 

The Fourth National Symposium on Colloid Chemistry sponsored 
by the Committee on the Qiemistry of Colloids of the National Research 
Council, was held in Cambridge, Massachusetts, June 23, 24, 25, 1926, 
under the auspices of the Massachusetts Institute of Technology in co¬ 
operation with the Northeastern Section of the American Chemical 
Society. Professor James W. McBain of the University of Bristol 
was the foreign guest of honor. His valued paper, which appears in 
this volume, and his scliolarly discussions of a number of papers 
contributed in a large way to the success of the Meeting. 

The Fifth Symposium to be held at the University of Michigan 
in June, 1927, will be sponsored by the Division of Colloid Chemistry 
of the American Chemical Society, and the proceedings will be pub¬ 
lished as volume V of the Colloid Symposium Monograph. 


The Rice Institute, 
Houston, Texas. 


Harry B. Weiser. 
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A SURVEY OF THE MAIN PRINCIPLES OF COLLOID 

SCIENCE 

By James W. McBain 

Some temerity is required in attempting to pass in review the 
outstanding generalizations in the subject of colloids. This field of 
science has so many aspects and is so evidently emerging from the 
preconceptions adopted twenty years ago that the perspective must 
necessarily be somewhat individual. Nevertheless the attempt should 
lie justified by its usefulness in calling attention to main principles 
and in its provocation to further experimental and theoretical study.^ 

The two main problans of colloid science are structure and sta¬ 
bility. What is the structure which places matter in this category? 
Whence do such structures derive such a measure of stability as to 
constitute nearly all the common materials met with in daily life? 
The answer to the first question is definitely that in most cases the 
unit of which colloids are built up is not the mere molecule but a 
higher organized unit, the particle called by Nageli the micelle. 

The question of stability has not been properly faced. I sub¬ 
mit that there is a class of substances whose most stable state is 
the colloidal condition. They are thermodynamically stable in the 
strictest sense, in that the colloid state is for them more stable than 
the crystalline or crystalloidal. Many substances have never even 
been brought into the crystalloidal state, so that proof is necessarily 
lacking just because they are too strongly colloidal. Nevertheless 
there are some intermediate substances where both the coUoidal and 
crystalloidal states are producible at will, because they are almost 
equally stable. This is the most important result of the study of 
soaps.® Here we can have perfect true crystals in true reversible 
equilibrium with a solution in which soap exists partly as colloid and 
partly as crystalloid. From the standpoint of the strictest thermo¬ 
dynamic criteria they possess an, exactly equal degree of stability. 

iCA Thomas, 3, Chein. Education, 2. 323 (1925); Kruyt, Nature, 111, 827 (1928). 

* Cf. McBain and Taylor, Z. physik. Chem., 70, 208 (1911). 

7 . 
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Under other conditions the colloid form is more stable and the 
crystal or the true crystalloidal solution passes spontaneously into 
the colloidal form, thereby demonstrating the lower free energy of 
the colloidal state for such cases. We have shown that the phase 
rule governs the external equilibria of all such phases.^ 

It is evident that this point of view embraces not only sols but 
also jellies and gels. If accepted, it is much more heartening than 
the conception, hitherto universal, that colloids are inherently unstable 
formations which have been brought by various devices into this 
state of dispersion and are rather precariously kept there, either on 
account of slow rate of reaction or through a balance of compensat¬ 
ing factors which inhibit alteration. 

Von Weimam has made the most extended study of these thermo- 
d 3 mamically unstable colloids and his rules for utilizing degree of 
supersaturation have enabled him to disperse over three hundred dif¬ 
ferent substances, using sixteen different solvents.^ The only reason 
for the continued existence of such colloids is that their surface is 
homologated to the nature of the solvent, generally by a stabilizing 
agent, which we shall discuss later. 

In dealing with the proposed class of thermodynamically stable col¬ 
loids, I would further suggest that they can only then be. truly stable 
when the micelle has such a structure that part of every molecule 
of the micelle is exposed to the solvent. This idea can be best de¬ 
veloped by illustration. For example if water and palmitic acid are 
sealed up in an evacuated tube the most stable and therefore perma¬ 
nent state is that where the palmitic acid forms a monomolecular fihn 
upon the surface of the water, any excess remaining as a crystal or 
crystals. 

In the case of soaps there are two kinds of micelle, the neu¬ 
tral and the ionic micelle. The first, following a somewhat modified 
suggestion of S. E. Sheppard, may be likened to a part of brushes 
stuck to each other by placing the bristles in contact. Each bristle 
represents a paraffin chain, so that all the parallel bristles together 
resemble a solid block of paraffin the length of two molecules in 
thickness. The backs of the two brushes form the exterior of the 
neutral micelle and they alone are in contact with the solvent; they 
comprize the carboxyl group and the sodium or potassium, any elec¬ 
trical double layer, and the water of hydration. Hence the whole 
exterior is closely similar to a molecule which is soluble such as 
formic acid or sodium formate. 

The ionic micelle may be pictured in terms derived from an old 
conception of Reychler (1913) recently revived by N. K. Adam, as 

* McBain and Elford, 7. Ckem. Soc,, 129, 421 (1926), 

«Vou Weixnarn, **Die Allgemdnheit des Solloidzustandes,*’ 2nd Ed. Theodor Stetnkopi¥, 
1925. 
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a ball composed of say ten soap ions, the paraffin chain radiating 
from the center, the outside being composed of ionized carboxyl groups 
together with water of hydration. Here again, as the radius of the 
ball is the length of the soap ion, each ion has its soluble end ex¬ 
posed to the solvent. 

^ Similar structures must be postulated for other truly stable col¬ 
loids. The finest work in this field is that of O. L. Sponsler® and 
W. H. Dore on cellulose. Their structural model, to be exhibited at 
this symposium, is derived from X-ray evidence, and a full descrip¬ 
tion is given in this Monograph. The model accounts for all twenty of 
the spacings as determined by X-rays. Here there is a question as 
to whether or not the micelle appears as a filament or more prob¬ 
ably a sheet only a few Angstrom units thick, but perhaps extending 
the whole length of the fiber. 


I. Micellar Structures. 


Some colloidal pai'ticles such as those of gold in water have been 
shown by X-ray investigation to be actual crystals. This however 
does not account for their existence in this unstable condition. It 
is not the nature of the interior but the composition of the exterior 
of the particle that determines its chief properties and degree of 
stability. Probably in every case the exterior has to consist of a 
stabilizing agent. The motto of the colloid is, “Save the surface, and 
you save all.” Even an incomplete monomolecular layer of any suit¬ 
able soluble material may be sufficient. 

1. Individual micelles were assumed by Einstein in 1905 to be 
equivalent to single molecules from the standpoint of the kinetic theory. 
This has led to much brilliant work upon the Brownian movement, 
which has fully substantiated this point of view.® Only in one re¬ 
spect is there an important outstanding discrepancy, which has been 
the subject of debate in previous Symposia. This is the fact that 
the expected sedimentation under the influence of gravity is observed 
only within a very thin layer at the top of the colloidal solution, 
whereas the bulk of the solution is uniform.’’ Various forces have 
been tentatively suggested to account for this but without success. 
For example, Porter has shown that the Helmholtz double layer would 
result in an attraction rather than a repulsion between particles. I 
therefore put forward the point of view (discussed more fully, under 
III below) that the particles behave like large ions and that the 


Getk Physiol, 9. 221 (1925). 

• Westgren, Z, anorg, Chem., 93, 240 (1916). 
^ Burton, Proc, Roy. Soc., lOOA, 414 (1922); 
Faraday Soc., 18, l.flS22). 


and especially Porter and Hedges, Trans^ 
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free ions of opposite charge have been forgotten in the discussion. 
The particles themselves would soon sediment but that would develop 
large electrostatic attraction between them and the freely diffusible 
ions of opposite charge which would oppose appreciable separation. 
The case is somewhat similar to the electrical forces governing the 
diffusion of ions in considering the diffusion potential between two 
salt solutions. 

The effect of gravity is thus a compromise and is observed only 
in a vertical direction, and not sideways. At the very top of the 
solution the heavy particles will hang below the diffusible ions. In 
the body of the solution a uniform distribution is attained, and at 
the bottom the elastic rebounds from the bottom of the vessel eliminate 
further sedimentation,® 

This suggestion would account for the sedimentation being ob¬ 
served only at the top surface, and would partly explain why colloids 
should appear least stable at the isoelectric point. Further, emulsions, 
which in general consist of charged droplets, should not cream if the 
droplets are made fine enough; whereas very large particles or particles 
subjected to great force, as in a centrifuge, should sediment. 

2. Simple primary micelles existing independently, such as we 
have been discussing, appear to be quite rare and exceptional. Usually 
they are more or less loosely aggregated to give larger formations 
as is frequently pointed out by almost all the well known writers 
on the subject of colloids when discussing particular cases. I have 
emphasized® the enormous effect this must have upon the apparent 
viscosity of the solution. The increase in apparent viscosity is often 
of a much higher order of magnitude than that calculated by Einstein 
(or Hatschek) for individual particles (relative viscosity = 1 +2.5 v, 
where v is the fraction of the total volume occupied by the particles), 
and far transcends that due to true hydration of the particles. 

Kruyt and others have recently extended the so-called electro- 
viscous effect predicted by von Smoluchowski from certain poorly 
conducting systems to other systems about which he explicitly stated 
his doubts. There seems to be no reason why such an effect should 
not occur, but its correct quantitative formulation is now in doubt, and 
it is probably unimportant. For example in a recent paper by Kruyt 
and Tendeloo data are given for aqueous solutions of starch in 
which the enhancement of the apparent viscosity due to “hydration’’ 
(treated as aggregation in our preceding paragraph) is calculated to 

*It must be remembered that Brownian movement as such does not affect rate of fall 
and is not responsible for the failure to sediment, since Brownian movement is wholly 
random and disordered whilst gravity is constant and directed; in a bottomless vessel the 
rate of fall would on the average be constant forever. An atmosphere owes its existence 
to the elastic kinetic impacts with the bottom surface. 

■ McBain, J. Pkys. Chem., SO, 239 (1926). 

^Kolloii-Z., 18, 190 (1916). 

^Koninktijke Akad, Wetenschappen Amsterdam Proc,, 27, 377 (1924), 
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be one hundred times greater than the ^‘electroviscous effect'*; thus 
the latter seems to be relatively of negligible importance. 

3. The micellar structure of jellies. In 1916 Hatschek^^ could 
write, ‘The most generally accepted theory of the constitution of 
coherent gels like gelatin or silicic acid gels is that they consist of two 
liquid phases.” Now as Weiser^^ writes, ‘The vast majority of in¬ 
vestigators incline to the view that jellies are two-phase solid-liquid 
systems, in which there is a network. . . In many cases there is 
no doubt that the micelles or even the aggregates in the jelly are the 
same as in the sol from which the jelly was derived, only they are 
no longer independent but partly stuck to each other in the jelly. 
Sometimes the aggregates tend to be filamentous. It is interesting that 
all the typical jellies if carefully enough prepared are transparent 
and show no visible structure or particles even in the ultramicroscope 
(unpublished experiments of H. Harris on dibenzoylcystine, barium 
malonate, lithium urate, etc.). 

The relation of jellies to the various types of gels has not yet 
been worked out. It is rather surprising to find how many cases 
there are of ready peptization of gels by stabilizing agents—dismem¬ 
bering of the gel into small aggregates of micelles or into individual 
micelles by satisfying the respective valencies with adsorbed or com¬ 
bined material. This is peptization in the original sense of Graham.^^ 
Weiser has explained one aspect of the surface equilibria in insisting 
that the particles must be hydrous. 

Any substance may be produced in the form of a gelatinous pre¬ 
cipitate by using von Weiniam's rules involving sufficiently high con¬ 
centration and sufficiently fine particles. However, true jellies often 
form in comparatively dilute solution in spite of moderately, good 
solubility. Thus for example true soap jellies under certain condi¬ 
tions may be thermodynamically stable as discussed in the introduc¬ 
tion above and form spontaneously from all other less stable states. 

4. The structure of gels. Collander’s work^® on the sieve struc¬ 
ture of semipermeable membranes of copper ferrocyanide has shown 
that the interstices between the micelles or aggregates are about 4 
Angstrom units in diameter. I would suggest a still better molecular 
sieve, namely such crystals as dehydrated zeolites, etc. For example,- 
O. Weigel found that good crystals of chabasite from whose space 
lattice water has been removed without destroying the space lattice, 
sorb water, methyl alcohol, ethyl alcohol and formic acid; but will 
not take up acetone, ether or benzene. From the molecular volumes 
of these compounds I calculate that the openings in the space lattice 


M Trans, Faraday 12, 17 (1916). 
w Bogtue's "Colloidal Behaviour.” 1. 378 (1924). 

«7. Soc, Chem, Ind,, 44. 499T (1935). 

Kolloidchem. Beihefu, 19, 72 (1224); 20, 278 (1925), 
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are just smaller than 5 Angstrom units, which permits of the pre¬ 
diction of the sorption of other vapors and even gases. 

Many gels appear to have an analogous structure; for example 
partially dehydrated silica gel or copper oxide or manganese dioxide, 
and charcoal. Activated charcoal may well consist of a conglomerate 
of incomplete space lattices into which the sorbed material penetrates. 
This would render intelligible the time required, the absolute amounts 
at various periods of time, the relative amounts of various sorbed 
materials, and some of the phenomena of catalysis. Somewhat similar 
structures arise when gels are swollen in a suitable liquid and then 
hardened by a second agent. In many cases it has to be remembered 
that there is competition for any particular valency of a micelle be¬ 
tween the material to be sorbed and other particles; the extent of dis¬ 
memberment, or conversely, aggregation depends upon the result. 


II. Stability. 

We have seen that stability whether artiBcial or inherent is due 
to the nature of the surface of the micelle. Reactions with a surface 
are classified as sorption, and sorption embraces all the reactions of 
colloids. Adsorption often precedes chemical action (and arises from 
unactivated molecules). It may be due to various forces, residual 
affinity or stray fields of force, primary valency or shared electrons, 
or electrostatic form, etc. Reference should be made to the recent 
summary by H. S. Taylor for the Committee on Contact Catalysis.^^ 

1. The fundamental theorem is the Gibbs theorem, to which there 
can be no exception. However, the Gibbs equation correctly takes 
into account the adsorption of all constituents actually present, whereas 
in practice as usually applied some constituents are ignored. Sec¬ 
ondly, the Gibbs theorem deals with thermodynamic potential, partial 
molal free energy or activity, whereas it is usually misquoted and 
misapplied in terms of concentration. Thirdly, only in the rarest 
cases is the surface tension actually known. 

2. The dominant conception is now that of oriented and polar 
groups. This has been invoked in the introduction to explain not 
only how the exterior of a micelle may be stabilized but also to ex¬ 
plain the structure and hence the existence of the interior of stable 
micelles. An excellent illustration is that studied by Giles and 
Salmon,^® the nonconducting sol of silver in stearic acid where the 
micelles consist of silver with the essential coating of silver stearate, 
silver to silver and stearate radical to stearic acid, solvent. This same 

Krystailographie, 61. 125 (1924). 

Fhys. Chern,, 30. 145 (1926). 

**/. Chenu Soc., London^ 123. 1697 (1928). 
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conception applied to long molecules explains the close relation be¬ 
tween colloids and colloidal electrolytes and liquid crystals. 

3. Solvation. Solvation appears to be universal, and the chief 
function of all stabilizing agents in homologating the surface of the 
micelle to the solvent is in inducing solvation. Desolvation causes 
aggregation, coagulation, etc. 

4. The Helmholtz electrical double layer probably enfolds many 
colloidal particles, but its chief function is presumably in stabilizing 
the colloidal particles through induced solvation. As Porter {loc. cit.) 
has indicated, the Helmholtz double layer as such would rather pro¬ 
duce a mutual attraction and therefore coalescence of particles than 
produce apparent stability through repulsion. Further, the Helmholtz 
double layer appears to have almost no connection with electrokinetic 
phenomena such as movement in an electric field (electrophoresis, 
electro-osmosis, etc,). The modification proposed by Gouy is like¬ 
wise inadequate®® to connect the double layer satisfactorily with the 
observed electrokinetic phenomena. 

Silicic acid and globulin and other colloids are said to be most 
stable at the isoelectric point where they show no movement whatever in 
the electric field. Possibly here the Helmholtz double layer is com¬ 
plete over the whole of their surface, which would account for their 
stability owing to induced solvation. 

For about fifteen years a formulation of “contact potentiar^ be¬ 
tween micelle and solvent has been in current use, and even though 
Hiickel has recently introduced a fifty per cent correction for the 
simplest case the general theoretical treatment, in spite of Helmholtz’s 
great paper, has become wholly unsatisfactory and misleading. The 
orthodox formulse which assume movement within the double layer are 
based, upon premises now shown to be invalid. Thus it is assumed 
that the surface is shielded from all contact with the outer solvent 
by a complete sheath of ions; the thickness of the whole double layer 
is assumed to be uniform, all ions or charges of the double layer 
moving at the same speed; and finally, it is assumed that the film 
within the double layer is thick enough to exhibit the viscosity and 
dielectric constant of pure water, although the voltages consistent with 
this are inadmissibly great. 

Freundlich has done good service in emphasizing that the “electrode 
potential” of a micelle and its “electrokinetic potential” are not neces¬ 
sarily even of the same sign.®^ However, even this does not go far 
enough. Consideration of the equilibrium involved in the adsorption 
of ions and of the dissociation of surface molecules, etc., shows clearly 
that different parts of the same surface, have different contact ‘po- 

« McBain, 7. Phys, Ckem., 28, 706 (1924). 

"Usher, Trans. Faraday Soc., 21, 406 (1926). 

" Freundlich, Naitonal Cotlota Symposiumf 3, 7 (1925). 
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tentials, and the different parts may differ even in sign. The formula¬ 
tion of the electrokinetic potential therefore needs complete revision. 

5. Most colloids resemble electrolytes. The Helmholtz double layer 
may not be complete, it may even be lacking or much more com¬ 
plicated,-- but if for whatever reason there is on one particle an excess 
of charges of either sign, the micelle or aggregate will behave as a 
large ion. The extreme case is the ionic: micelle of soap where there 
is a negative charge for each fatty molecule, or rather ion, in the 
micelle. 

It is a remarkable and unexplained fact that all these particles 
exhibit a rate of movement in the electric field which is of the same 
order of magnitude for true ions. 

Miss Laing-® has formulated the theory of this subject and shown 
by direct experiment that electrophoresis, electro-osmosis, electrolytic 
migration, etc., are all inherently identical phenomena. The fraction 
of the current carried by any charged body whether ion or colloid 
or wall or bubble is equal to the ratio of its actual conductivity to 
the total conductivity of the system. 


fraction of current = 


Cifi 


where Ci is the concentration and /i is the conductivity of unit concen¬ 
tration, and p is the sum total of all such c f terms for all constituents 
present. ' » 

The bodily movement differs from this by a factor nti which is the 
number of units to one electrical charge, 

bodily movement = 

1 ^ 


The factor nii may be very large, say many thousands, for ordinary 
slightly charged colloids, and correspondingly fi is exceedingly small. 
It is ntifi and not fi that is comparable with the movements of true 
ordinary ions u and v whose m is equal to unity; that is, whose charges 
correspond to their chemical equivalents. Electrophoresis or actual 
bodily movement is found to be almost independent of the amount of 
electrical charge, and likewise almost independent of the conductivity 
of the particles. 

Neglect of this factor mi is the methodical error which vitiates the 
recent work of ^^arga, Wintgen, and ZsigmondyTheir “mobilities” 
have to be divided by to find the conductivity. They fall into a 
further error in interpreting U-tube experiments on electrophoresis. 


“Mukherjee, Phil, Maff. (6), 44. 321 (1922). 

Phys. Chem., 28, 67S (1924). 

Wintgen, Z. physlk. Chern,, 103, 288 

(1922); 107, 403 (1924); Zsigmondy, “Kolloid-chcmie,” 6te AufL, 178-193 (1925), 
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Both Lash Miller and G. N. Lewis have shown that it is a consequence 
of the law of the conservation of. matter that the ‘‘moving boundary’’ 
method must give results which are precisely identical with those de¬ 
rived from the Hittorf method of quantitative analysis. These errors 
and the neglect of the Donnan equilibrium make their numerical values 
for the charges of colloids something like ten times too large. In no 
case hitherto has the absolute charge of a colloidal particle been quan¬ 
titatively measured. 

6. The Donnan distribution law appears to be of universal validity 
for all solutions containing electrolytes. That is, within all parts of 
a system in equilibrium, for example, within any colloidal solution, or 
within the different parts of a jelly, the product of the activities of 
every pair of monovalent diffusible ions must be constant. Approxi¬ 
mately, the ionic product in terms of concentration should be constant 
throughout. Any change subject to a spatial constraint will cause a 
corresponding redistribution of all other ions in the neighborhood, but 
the ionic product for each pair of free ions is constant. There is no 
need of a membrane, as Procter and especially Wilson have shown, 
to produce the constraint, although the distribution may be highly local 
and the constancy merely statistical. 

While therefore the Donnan distribution occurs wherever several 
diffusible ions are present, there is serious doubt about the numerical 
value of the so-called osmotic pressures (really differential pressures 
against solution of electrolytes) which have been obtained with colloids 
so far. The exiDerimental values range from one half to tenfold those 
predicted. Some doubt also attaches to the “membrane potentials” 
because the diffusion potentials between solutions of potassium chloride 
and those containing a nondiffusing colloid ion have not yet been eluci¬ 
dated, so that opinions differ. 

Grossly exaggerated claims have been made by Loeb and others 
as to the part the Donnan equilibrium plays in colloidal behavior. 
Loeb’s ad hoc definition would exclude most of the phenomena of col¬ 
loids from that vsubject. For example the fact of gelatination or of 
coagulation was referred to the subject of “solubility,” not of “colloidal 
behavior.” Even in the effects he observed (his experimental results 
of course are not here in question) the Donnan distribution is only a 
factor. Two of the three or four phenomena he studied were effects 
of electrolytes on swelling and on viscosity. In both fields there are 
other instances of effects on swelling and on viscosity which exceed 
his tenfold in magnitude and yet cannot be ascribed to the Donnan 
equilibrium. For example in the case of soaps, so closely related to 
Loeb’s materials, when the viscosity is increased fifty fold by addition 
of salt the effect is comparatively enormous and it is in the opposite 

«Thomas, 7. Chem. Education, 2, 827 (1925). 
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direction to that predicted by Loeb for salts. The other aspect of 
Loeb's work, which has been most useful, is his emphasis upon the 
predominant importance of hydrc^en and hydroxyl ions. Few would 
care to deny chemical action between acids or bases and amino acids 
or their protein derivatives, but the quantitative formulation is that of 
sorption,*® and other investigators have shown that sorption of various 
ions is not negligible. 

7. The effects of the Hofmeister or lyotrope (Freundlich) series of 
ions are too striking to be ignored. They have been observed with too 
many types of colloids and in connection with too many systems not 
even containing colloids to be attributed to systematic experimental 
error (Loeb). Many of the salient phenomena of reversible colloids 
such as coagulation by heat are profoundly affected, and often in 
different directions in acid and alkaline solutions. Similarly with the 
coagulation of reversible colloids by electrolytes, or their gelatination, 
or the swelling of jellies. A remarkable case in point is afforded by 
Michaelis’ observations on the swelling of konyaku in various electro- 
l 3 rtes. Recent workers who have fulfilled Loeb’s injunction to keep the 
pH of their solutions constant have nevertheless observed these effects 
and found that sorption of these ions occurs and is specific. 

III. The Theory of Sparse Surface Dissociation. 

Jordis, Lottermoser and Duclaux long ago emphasized that the 
stabilizing agents in ordinary colloids are ionizable electrolytes. More 
recently many investigators using very different lines of approach have 
been led to a common conception of the equilibria on the surface of 
ordinary slightly charged colloids such as “ferric hydroxide” or “arsenic 
trisulfide.” Stability is ascribed to a small amount of stabilizing agent 
derived by sorption on the surface, and of this small amount only a 
minute fraction is dissociated. For example, according to Freundlich 
the stabilizing agent of Oden’s sulfur is derived from pentathionic acid. 
That of gold so^s is according to Pauli derived from auric acid, and 
that of stannic acid according to Zsigmondv is derived from potassium 
stannate. It will be seen that these colloidal particles differ greatly 
from the ionic micelle of such a colloidal electrolyte as soap, and much 
more nearly resemble that neutral micelle of soap; but with one funda¬ 
mental difference, that the ordinary colloidal particles are stabilized 
only through a surface covering. Attention is thus focussed upon the 
nature of the surface, not of the substratum or interior of the micelle, 
which is almost a matter of indifference except for its affinity for the 

“Rittde, Phil, Mag, (7). 1, 82 <1926). 

”^^Hatschek, “Introduction to the Physics and Chemistry of Colloids,” 4th edition. 

^Hichaelis, ‘The Effects of Ions on Colloidal Systems,” 93 (1926), 
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stabilizing agent. The micelle behaves like a chemical individual or 
large ion which though pol 3 rvalent carries many hundreds or thousands 
of equivalents to each free charge. The reactions are those of these 
unbalanced ions weighted with the remainder of the particle and there¬ 
fore less soluble than in the free condition. However, even the union¬ 
ized molecules of stabilizing agent can exchange radicals with other 
electrol)rtes. 

A verbal confusion must be referred to here. So far in this paper 
the word micelle has been used in the sense for which Nageli origindly 
coined it to denote the colloidal particle. Shortly before the revival 
of the micellar theory of N^eli, Duclaux adopted a suggestion of 
Cotton and Mouton to substitute the word “la granule” for Nageli’s 
“micelle,” and to call “la granule” plus an equivalent amount of oppos¬ 
ing free ions “la micelle.” The word “micelle” is now currently used 
in both senses. For example, it is equally correct to state that the 
ionic micelle of soap contains no sodium or potassium as to say that 
this “micelle” contains one atom of sodium or potassium for every 
fatty radicle. The term “ionic micelle” has always been used in the 
original or Nageli sense. I would continue to preserve the term ionic 
micelle for the fully charged particle carrying one charge for each 
equivalent of fatty radicle, whereas the charge on the ordinary “granule” 
or charged particle of such a colloid as gold is perhaps a thousand times 
less in proportion. 

The modern theory of sparse surface dissociation lays emphasis 
upon the chemical side, and does not so often invoke “change in degree 
of dispersion.” For example, it has to explain: 

1. The mutual interactions of colloids which are essentially the in¬ 
teraction of the two stabilizing agents: 

(a) Sensitization when a small amount of a second col¬ 
loid whether lyophile or lyophobe, and sometimes even of the 
same sign, is added, .("^his appears to be particularly impor¬ 
tant in biology and medicine.) 

(b) Mutual coagulation when the two stabilizing agents are 
equivalent, or destroy each other. 

(c) Protective action when a lyophile colloid is in sufficient 
excess (this is perhaps the most important single application 
of colloid science). 

2. The action of strongly sorbed non-electrolytes in displacing stabil¬ 
izing agents; or of non-electrolytes in reducing solubility as shown by 
Thomas and Miss Johnson. 

Usher, Trans. Farcuiay Soc, (1926); Thomas, J. Chem, Educatton, 2, 828 (1925); 
also nnmerous papers since 1917 by Pauli. 

*®FrtundIich, Bogue’s “Colloidal Behaviour,” J, 297 (1924). 
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3. The effect of mere concentration in causing flocculation and the 
similar effect of added common ion: also the effects of dilution on the 
coagulation values, 

4. The effects of electrolytes in exchange of ions and in consequent 
increase or decrease of dissociation. 

5. The effects of the valency of added ions, and the deviations from 
the usual rules due to insolubility of the product in special cases. 

6. All the electrokinetic behavior on the one hand, as well as capil¬ 
larity and electrocapillarity on the other. 

7. The various “contact potentials*’ of the same colloidal particle, if 
indeed contact potential is really a useful conception. In addition to 
those mentioned already which may vary in origin, magnitude, nature, 
and even sign for different portions of the same particle, Wilson’s dis¬ 
cussion of the Donnan equilibrium leads to yet another which scarcely 
affects the electrokinetic behavior.^^ 

In concluding this necessarily personal review of the outstanding 
principles and generalizations of colloid science, with its attempt to 
offer a few new suggestions, I would take the opportunity of uttering 
a plea that the phenomena of colloidal behavior should be described 
in terms of the directly observed facts rather than of theories or 
inferences. 

University of Bristol, 

Bristol, England. 

” Usher, Trans, Faraday Soc. (1926). 



THE COLLOID PARTICLE AS REVEALED BY CATALYTIC 

STUDIES 


By Hugh S. Taylor 

A considerable body of evidence is now available ^ with reference 
to the properties of a catalytic surface, showing that such a surface 
is not uniformly active and that chemical reactions occur over portions 
of the surface which may vary in extent from a very small fraction 
of the surface to the whole area. A theory which takes account of 
these facts was recently put forward by the writer. For reactions in 
which only a relatively small fraction of the surface^ is catalytically 
active, the activity is associated with occasional groups of atoms fixed 
in metastable positions, associated with high energy and chemical un¬ 
saturation relative to the atoms in the regular lattice of the crystal 
granule. The properties of the contact agent are to be differentiated 
from the bulk properties of the substance of which the catalyst is com¬ 
posed ; it is rather the properties of the individual atoms or molecules 
of the catalyst with the changes in these properties induced by position 
and arrangement in the catalyst particle, which are of importance in 
catalytic change. Colloid chemistry is concerned with all such prop¬ 
erties of atoms and molecules determined by position and configuration 
and it is thus that catalytic action may be regarded as a branch of 
colloid chemistry. Whereas, however, the properties of such atoms 
and molecules are themselves a sufficient object of colloid study, these 
surface units are of importance in catalysis only in so far as they 
affect reactants coming into contact with them. 

The object of the present communication is to re-examine the prop¬ 
erties of the surface as revealed by catalytic study, in order the better 
to emphasize colloid chemical problems which they illuminate, rather 
tlian to elucidate what, in the last analysis, must be the central problem 
of the study of contact catalysis, namely, the nature of the activation 
induced in the reactants by association with the activating centers of 
the surface. This latter problem will be dealt with in detail elsewhere, 
and in this place only to the extent that it suggests new points of view 
.and new problems to the colloid chemist. 

In the development of the theory of the catalytic surface, the writer 
has already pointed out that activity due to position and arrangement 

‘ 3rd and 4th Reports, Committee on Contact Catalysis, J. Phys, Chem., 28, 898 (1924); 
30, 145 (1926). Constable, Proc. Roy, Soc,, 110 A, 283 (1926), 

3 Loc. cit,, 4th Report. 
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of atoms requires, as a consequence, that matter in the finely divided 
condition shall have properties divergent from those.of coarsely crys¬ 
talline material or of atoms in the plane surface of a crystal. A greater 
solubility of finely divided materials, a higher heat of reaction with a 
given reagent, a lesser heat of vaporization, abnormal electrode poten¬ 
tials, abnormally high dissociation pressures of molecular species, per¬ 
haps, also, a higher velocity of reaction with various reagents, and 
even a shift of equihbrium may be anticipated. 

The greater solubility of finely divided particles is well-known. On 
the present basis of interpretation it arises from a greater proportion 
of corners, edges, isolated atoms or ions in the fine as opposed to the 
coarse material. The greater attractive forces operative at comers and 
edges revealed in studies of condensation of solid mercury from the 
vapor® suggests, also, greater attractive forces between solid and 
solvent at such positions in the crystal and, hence, the observed higher 
solubility. Since the closeness of packing of atoms in the crystal face 
also influences the strength of the attractive forces in those faces—a 
phenomenon demonstrable by preferential adsorption on certain faces ^ 
—one might also expect to find a different solubility of different crystal 
faces. This has been often suggested ® but as often denied, quite 
recently by Valeton.® Differences between the solubilities of the vari¬ 
ous faces ought to be most marked in those cases where preferential 
adsorption is most readily demonstrable. Further experiment might 
reveal such differences. It should also be manifest with crystals whose 
habit is the formation of plates since this indicates growth in two 
dimensions greatly in excess of that in the third dimension. 

The recent experiments of Dundon and Mack^ on the increased 
solubility of fine calcium sulfate dihydrate, first studied by Hulett,® 
lead to the conclusion that a part of the enhanced solubility is due to 
a dehydration consequent on grinding, the anhydrous calcium sulfate 
having a higher solubility than the dihydrate,® the anhydrous salt at 
25° C. being the unstable phase. The ease with which water is lost 
from such crystals suggests that diflferences in dissociation pressures 
of finely divided and coarse crystals of the dihydrate might be demon¬ 
strable. The cause of the loss of water on grinding is also of interest- 
Dundon and Mack show that the dihydrate loses water on grinding in 
an atmosphere saturated with water vapor at 25° C. This corresponds 
to a dissociation pressure greater than 23 mm. The dissociation pres- 

■ Volm«r and Estcrmann, Z, Physik, 6 , 81, 188 (1921); 7, 1 (1921); Z. phy^k. Chem.^ 
102, 267 (1922). 

*Marc and co-workers, Z. physik, Chem., 61, 385 (1908); 67, 470 (1909); 68. 104 
(1909); 73, 685 (1910). ^ 

■Curie, Bull. Soc, min de France^ 8, 145 (1885). 

•Pkysik. Z., 21. 606 (1920). 

Am, Chem, Soc., 46, 2479 (1925). 

•Z. physik. Chem., 37, 885 (1901); 47, 857 (1904). 

■Hiilebrand, J. Am. Ckcm. Soc., 30, 1120 (1908). 
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sure of the system CaS 04 . 2 H 20 — CaS 04 . 1 / 2 H 20 is recorded in 
Landolt Bernstein's Tables as 9.1 mm. at 25° C., but rising very steeply 
with temperature so that the loss might possibly be due entirely to a 
temperature effect in grinding. 

A higher heat of solution of finely divided particles is a conse¬ 
quence of the higher solubility in the case of salts of low solubility 
where the solubility may, with sufficient accuracy, be assumed to be 
proportional to the heat of solution. There do not appear to be any 
direct experimental determinations of this increased heat of solution, 
but two examples of increased heat of reaction of fine particles are 
known to the writer. Backstrom, in some unpublished calorimetric 
work, has shown that finely ground Iceland spar has a higher heat of 
reaction than the coarsely crystalline material. Ray found a similar 
effect with finely ground quartz when dissolved in hydrofluoric acid. 
The same cause may be responsible for the consistently higher heat 
of combustion of charcoal as opposed to graphite. The abnormally 
high value of 224,000 calories found for the interaction of oxygen at 
very low pressures and high temperatures with charcoal,as compared 
with the normal heat -of combustion of 94,000-97,000 calories has also 
been cited in this regard. Attention should be directed to the fact 
that this very abnormal result with carbon cannot be expected to be 
often paralleled with other reactions. The large divergence arises 
from the abnormal stability of the C-C linkage involving a very con¬ 
siderable heat absorption. The heat of oxidation of isolated copper 
atoms to form copper oxide could not be expected to differ from the 
normal accepted value for bulk copper by as much as the heat of 
vaporization of copper, which is of the order of 60,000 calories. A 
promising field for investigations of abnormal thermal magnitudes is 
probably with promoted catalysts since, as recent studies have shown^^^ 
one function of the promoter is to decrease the size of the crystal 
aggregates. 

The thermal sensitivity of metal catalysts, the marked loss of 
catalytic activity and of adsorptive capacity on heating, the dispro¬ 
portionately large decrease in adsorptive capacity of the more diffi¬ 
cultly adsorbed gases are all contributory lines of evidence to the 
view that in a catalyst surface there are atoms more loosely bound 
than the normal surface atoms of a crystal. Such atoms should have 
lesser heats of vaporization than normal surface atoms. There is, 
as yet, no direct experimental evidence in this direction. The beau¬ 
tiful experiments of Knudsen,^® Wood,^* Langmuir “ and Volmer and 

“ Froc. Roy. Soc., lOlA, 609 (1922). 

w Gamer and Blench, 7. Chem. Soc., 126, 1288 (1984). 

“Wyckoff and Crittenden, 7. Am, Chem, Soc,, 47, 2866 (1925). 

^Ann. Phys., 60, 472 (1916). 

^Phil. Mag., 82, 866 (1916). 

viPhys. Rev., 8, 149 (1916). 
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Estermann,*® on the condensation of metallic films on clear glass sur¬ 
faces from unidirectional atomic streams of the gaseous metals, enable 
one, however, to obtain some evidence confirmatory of the view de¬ 
duced from catalytic studies. The condensation exiDeriments show 
that there is a critical temperature above which re-evaporation of the 
condensing atoms from the glass is so rapid that there is not time 
for other atoms to be condensed alongside to an extent sufficient 
to form a film which grows. The critical temperature will naturally 
vary with the metal gas pressure or the intensity of the atom stream 
and its temperature. Estermann has recently investigated these 
two influences and has found that the critical temperature of the re- 
cemng glass surface, in the case of cadmium and glass, can be varied 
bet'ween — 50° and — 1 10° C., by variation in the concentration 
of the gas stream but not by varying its temperature. The critical 
temperature is naturally also dependent on the nature of the surface 
on which condensation occurs; it is lower for glass than for silver 
in the case of cadmium. For the critical temperature, the vapor 
pressure of the film of metal ma}^ be substituted and measured in 
its dependence on temperature. In this way Estermann showed that 
it is about 10 ^® times greater than the vapor pressure of the solid 
metals at the same temperature. From the dependence on temperature 
of the vapor pressures of these films, which may also be regarded 
as adsorptive pressures of the substance on the receiving surface, one 
cm calculate the heats of adsorption or the heats of evaporation of 
the film layer, using the Clausius equation. Estermann thus calculates 
a value of 3500 calories per mol for cadmium on glass, 3000 calories 
per mol for cadmium on copper, 5000 calories per mol for cadmium 
on silver. These heats of vaporisation are approximately % to ^'7 
of the heat of vaporization of solid metals (Cd = 26,000 calories per 
mol), and can undoubtedly be equated to the heat of dissociation of 
a single atom-atom linkage. The first nuclei in the condensation process 
are such di-atomic aggregates.^® 

The same considerations should apply to compound substances 
•undergoing dissociation. The dissociation pressures of abnormally 
situated molecules should be high and the consequent thermal data 
low. I liave already indicated two sets of evidence of this kind with 
manganese dioxide^® and with mixed oxides.®® 

The varying electrometric characteristics of electrode materials 
may also be used as evidence of the influence of particle size on the 
thermdd}Tiamic properties of the particle. Thus, Webb®^ ascribes 

PhysiK 7, 13 (1921). 

I’Z. Blektrochem., 81, 441 (1925). 

wSce Frenkel Z. Physik., 26, 117 (1924). • 

^’Whitesell and Frazer J. Am. Chem. Soc., 46, 2841 (1928). ' 

«Kendall and Fuchs, ibid., 43, 2017 (1921). 
phys. Chem., 29, 816 (1925). 
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higher entropies to electrolytic silver chloride and silver iodide as com¬ 
pared with the precipitated' varieties and suggests that the very finely 
crystalline electrolytic variety is a closer approach to the amorphous 
condition. Cold drawn metals are anodes to annealed electrodes of 
the same material in a solution of the metal salt. This also is in 
harmony with the conclusions concerning the influence of fine crystals. 

We may anticipate also that in cases where we are dealing with 
surface atoms of abnormal activity the ordinary equilibrium data mav 
not apply. This seems to have been realized experimentally in one 
case recently reported by Pease and Cook.^^ In studying the equi¬ 
librium in the system 

NiO-f-= Ni + H^O, 

attained from both sides, the authors call special attention to ‘"the 
observations which indicate that excessively high yields of gaseous 
products are obtained in the early stages of both reduction and oxida¬ 
tion.’^ As the authors point out, “the results are to be expected if the 
free energies of formation of thin films of oxide on metal and of 
metal on oxide are higher than those of the oxide and metal, respec¬ 
tively, in the massive state.” Now, this is exactly the conclusion 
which Estermann reaches in the w'ork cited above, since the free 
energy of the film is directly proportional to its vapor pressure or 
adsorption pressure on the underlying surface. Expressed otherwise, 
the free energy of formation of nickel and water is greater for a 
system of isolated nickel oxide molecules on nickel surfaces than it is 
for a plane surface of nickel oxide. This point of view also explains 
the abnormal sensitivity of catalysts to poisons in reactions in which 
only small fractions of the surface are active. We may illustrate this in 
connection with the poisoning of active nickel catalysts for hydro¬ 
genation processes by small amounts of hydrogen sulfide. The con¬ 
centrations of hydrogen sulfide which suffice to suppress gaseous hydro- 
‘genations, difficultly achieved, are far less than would be calculated as 
l>ermissible from the equilibrium process 

Ni + HoS NiS + H3. 

From a knowledge of the permissible upper limit of hydrogen sul¬ 
fide, the equilibrium constant PH2S/PH2 thus obtained can be used to 
deduce the heat of the reaction and hence the heat of formation of 
the nickel sulfide involved. In this manner the writer and his for¬ 
mer student. Dr. J. S. Beekley, demonstrated that the thermal mag¬ 
nitude thus obtained was markedly higher than the accepted value 
for massive nickel sulfide, a conclusion identical with that of Pease 
and Cook for the nickel-steam system. 

«/. Am. Chetn. Soc., 48 , 1190 ( 1926 ). 
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Mechanism of Activation and the Nature of the Catalyst Surface: 

The problem of the mechanism of activation of reactants at a 
catalytic surface may also be suggestive as to the nature of the 
catalyst surface. Researches on alternative modes of reaction (e.g., 
decomposition) of adsorbed reactants indicate that two or more modes 
of reaction may be secured. Thus, formic acid may decompose to 
yield carbon monoxide and water or, alternatively, carbon dioxide and 
hydrogen. 

HCOOH = H2O + CO 
HCOOH = Hs + CO2. 

Straight chain alcohols may yield olefine and water or aldehyde and 
hydrogen. 

CHaCHgOH CHsCHO + H2 
CH2CH2OH ?:± CHo = CH2 + H2O. 

In a paper to the First National Colloid Symposium I suggested that, 
in the case of such organic molecules, the nature of the decomposi¬ 
tion products must be determined by the nature of the changes in con¬ 
figuration caused by the attachment of the reactant to the catalyst. I 
illustrated the variation which such attachment might cause by the 
example of the varying influence of substitution of a — Cl or ^— NHs 
grouping on the acidic hydrogen of acetic acid, resulting, respectively, 
in a weaker and a stronger attachment of the hydrogen ion to the 
organic anion. I postulated that, dependent on the mode of attach¬ 
ment to the catalyst, the hydrogen atoms in formic acid might be 
given greater atomic freedom—leading to dehydrogenation—or less 
freedom and therefore producing a dehydration split. It is now possible 
to reopen this matter and to give to it a greater precision. 

In the Fourth Report of the Committee on Contact Catalysis, I 
took occasion to point out that there was strong evidence from the 
data of Adkins and his co-workers that possible contamination of oxide 
catalysts with alkaline or salt poisons might explain some of the data 
on itemative decomposition. Alkali poisons seemed to favor de¬ 
hydrogenation in a titania catalyst essentially dehydrating in char¬ 
acteristics. The converse of this would mean that acidic poisons might 
alter the characteristics of a dehydrogenation catalyst towards the 
dehydration side. T also pointed out that Bischoff and Adkins had 
themselves experimentally demonstrated that both ammonia and water 
were capable of altering the. ratio of dehydration to dehydrogenation 
products in decompositions of alcohols at titania surfaces. Further¬ 
more, Adkins and Nissen had shown®® that in the decomposition of 
formic acid the percentage of water in the acid might either increase 
or decrease the ratio of dehydration to dehydrogenation. 

*• 7 . Am,. Chem. Soc,, 45, 811 (192S). 
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Oxides as Dual Catalysts: 

It is significant that, in the case of formic acid decomposition, in 
presence of metal catalysts the reaction products are exclusively those 
of dehydrogenation, hydrogen and carbon dioxide, irrespective of the 
metal. With oxide catalysts, on the other hand, the products may 
be dehydrogenation as, for example, with zinc oxide, or mainly de- 
hydration as, for example, with aluminium oxide. To what can this 
variation be attributed. A metal surface is composed of metal ions 
and electrons,, an oxide surface of metal ions and oxide ions. The 
conclusion seems inevitable that, on the metal ion (positively charged) 
the dehydrogenation process .occurs, whilst on the oxide ion, dehydra¬ 
tion occurs. Attachment to the positive ion has the effect of giving 
the hydrogen atoms in the formic acid molecule greater freedom, in 
agreement with the observation made above that substitution by an 
electronegative substituent such as chlorine causes the hydrogen ion 
to have greater* freedom. The negative oxide ion causes the hydrogen 
atoms to be more firmly attached and so the dehydration split is 
favored. On this basis, an oxide catalyst surface is to be regarded as 
composed, not of a single catalyst, but of two catalysts, metal ions 
and oxide ions and the nature of the changes induced in the adsorbed 
reactant is deiervmned by the charge of the ion on which the reactant 
molecule is adsorbed. The extent of the two alternative changes will 
be determined by the relative extent of adsorption of reactant on the 
two ions, 071 the relative frequency of the two ions in the surface and 
on their specific individual catalytic activities. These several factors, 
extent of adsorption, frequency of ions in the surface and catalytic 
activity will be determined by the degree of saturation of the lattice 
ions (i,e,, catalyst structure) and by the extent to which the ions are 
already covered by poiso^is (salts, ammonia, water, etc,). This con¬ 
clusion is in good accord with the data of colloid chemistry. It is of 
inestimable advantage in catalytic study since it permits a forecast of 
catalytic phenomena. Let us examine firstly the case of salt poisons. 

Sait Poisons: The colloid chemist regards a silver halide colloid 
particle surface as composed of an alternation of silver and halide 
ions. Adsorption of eIectrol3rtes on such a surface is akin to the 
process of crystal formation. On the silver ions negatively charged 
ions are adsorbed. On the halide ions, positive ions are adsorbed. 
The adsorption of ions is frequently unequal so that the particle ac¬ 
quires a charge. Common ions are markedly adsorbed so that, in 
solutions of silver salts the particle becomes positively charged. In 
solutions containing the halide ion it acquires a negative charge. 

Transferring this process to the case of a catal3dic, oxide, for 
example, magnesium oxide, we can predict that magnesium sulfate will 
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be adsorbed. An atomic examination of the surface would now re¬ 
veal as many magnesium ions as before adsorption, the adsorbed mag¬ 
nesium ions covering an equal number of oxide ions. Covering mag¬ 
nesium ions there will be adsorbed sulfate ions. The net result will 
be that the surface now contains as many magnesium ions as previously, 
fewer oxide ions and sulfate ions equivalent in number to the oxide 
ion decrease. We now have a surface containing three catalytic 
agents each with its own specific attractive force for the reactant, 
each with its own specific influence on the adsorbed reactant. Can 
the result be predicted? It can, for there are available data which 
demonstrate the efficiency of sulfate ions relative to oxide ions and 
these are the i0y variables resulting from the adsorption of mag¬ 
nesium sulfate. Magnesia is listed by Sabatier as a 100 per cent 
dehydrogenation catalyst for alcohols, whereas magnesium sulfate is 
also cited by the same author as an efficient dehydration catalyst 
for glycerol. The same is true also in the case of zinc. It has 
been showui by Brus,-® in the decomposition of alcohols at zinc sul¬ 
fate and zinc oxide surfaces, that the zinc oxide is predominantly a 
dehydrogenating surface while zinc sulfate although still mainly de¬ 
hydrogenating is also markedly dehydrating. His experimental figures 
show that, with ethyl alcohol on the two catalysts at 420° C., the 
percentage yields of ethylene reaction and of hydrogen reaction are 


Per Cent Ha 
Yield 


(a) Zinc oxide . 94 

(b) Zinc sulfate .;. 85 


Per Cent CaH* 
Yield 
6 
15 


This shows that sulfate ion is more efficiently dehydrating than is 
oxide ion and this conclusion can be generalized for these two ions 
irrespective of the cation present in the surface. The prediction can, 
therefore, be freely made that the presence of sulfate ion, and, for 
similar reasons, the anions of all the oxy-acids will cause an increase 
of dehydration ratio in the case of such predominantly dehydrogena¬ 
tion catalysts as uranium oxide, molybdenum oxide, ferric oxide and 
vanadium oxide. 

Alkali Poisons: For oxides which are predominantly dehydrating in 
their action as, for example, alumina, titania and silica, we may examine 
the phenomena occurring when an alkali is adsorbed. In a manner sim¬ 
ilar to the preceding case, adsorption of sodium hydroxide, for example, 
will decrease the aluminium ions, increase the sodium ions, the oxide 
ions remaining the same in number or being replaced by hydroxyl 
ions. The increase of sodium ions has the effect, as the writer 


=* Sabatier-Reid, Section 702. 

“ Sabatier-Reid, Section 726. 

^BuU. soe. chim., 33. 1438 (1923). 
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pointed out as evident from the researches of Bischoff and Adkins 
in the case of titania, of converting the reaction from a predominantly 
dehydrating action to a reaction still markedly dehydrating but also 
dehydrogenating. From this we conclude that sodium ions are much 
more pronouncedly dehydrogenating than aluminium ions. This con¬ 
clusion can also be extended to positive ions of the alkaline earth 
group since Charriou showed that lime inhibited the dehydrating 
action of alumina. 

Dual Oxide Catalysts in Absence of Salt and Alkali Poisons: The 
concept of an oxide catalyst as consisting of two catalysts enables 
one to answer a puzzling question raised by Adkins in his com¬ 
ments on the proposal of the writer that poisons and unsaturated atoms 
might suffice to explain the many results which Adkins and his col¬ 
laborators had obtained. Adkins inquired what caused the differ¬ 
ences in catalytic activity of those catalysts that had been prepared 
by hydrolysis of products that had been repeatedly distilled. The 
answer, on the present basis, would be that the method of prepara¬ 
tion resulted in varying ratios of aluminium and oxide ions in the 
surface of the catalysts prepared from the several alkoxides. By 
the laws of chance, this ratio would be constant for several prepara¬ 
tions from the same alkoxide with a given method of preparation, 
but different with a different alkoxide or other raw material as start¬ 
ing point. As already pointed out, the frequency of the ions in the 
surface will be determined by the catalyst structure and by the extent 
of covering by poisons. Since, in the case of distilled products, there 
can be no question of salt poisons the field of poison is, in this case, 
narrowed down to volatile poisons and, probably, only water and 
alcohol. The concept differs from that of Adkins in that the ratio 
of positive and negative ions in the catalyst surface is the important 
factor, not the atom ^‘spacing.” 

The concept of two catalyst units in the surface also accounts for 
the observation as to the influence of concentrations of fonnic acid 
on the ratio of reaction products at various alumina surfaces. Adkins 
and Nissen showed that, as the concentration of formic acid was 
decreased by added water, the influence of the water caused first 
an increase in th^ dehydrating ratio and then a very pronounced de¬ 
crease, Any directional change of a curve showing either a maximum, 
minimum or point of inflexion (in this case, a maximum dehydrating 
ratio at 92 per cent, HCOOH) points to the operation of two in¬ 
fluences, in this case the competition between water and formic acid 
for position on the two catalytic agents, aluminium and oxide ions. 

-• 7. Am. Chem. Soc.^ 47, 807 (1925). 

^^Compt. rend., 180, 213 (1925). 

4th Report, loc. cit. 

5“ 7. Am. Chem. Soc., 46, 811 (1928). 
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It is significant, also, that, with a constant formic acid concentration, 
92 per cent, the temperature coefficient of dehydration is greater with 
the catalyst, No. 1, alumina from aluminium amalgam and water which 
has a greater dehydration ratio at every temperature than that of 
catalyst, No. 3, for aluminium isopropoxide. 

Does the concept help to an explanation of why zinc oxide is 
predominantly a dehydrogenation catalyst and aluminium oxide, titania, 
silica, and thorium oxides are equally predominantly dehydration 
catalysts. It is apparent that, in the latter type, the oxide ions are 
numerically predominant as opposed to zinc oxide where there are 
equal numbers of each ion. Professor Bray has suggested that the 
activity of zinc ions compared with oxide ions is to be associated 
with ffie well-known capacity of zinc ion to add to itself, forming 
complex ions, indicating a stronger adsorptive capacity of the positive 
ion. Some such assumption would also be necessary to account for 
the case of chromium oxide which is more pronouncedly dehydrogenat¬ 
ing than alumina although the numerical ratio of ions is the same. 
The characteristics of the individual ions must be, however, the pre¬ 
dominant factors, since, with the oxides of uranium and molybdenum 
dehydrogenation is the predominant characteristic, although the oxide 
ions are more numerous. 

It is very evident that there are problems, and to spare, in the 
more difficult field of contact catalysis at ionic surfaces. They de¬ 
mand for their solution the thought and co-operation of those inter¬ 
ested in the colloid aspects as well as those whose primary interest 
is the catalytic processes which may thereby be achieved. 

Princeton University, 

Princeton, N. J. 



THE WATER EQUILIBRIUM 
By Wilder D. Bancroft 


Gelatine is peptized by potassium iodide solution much more readily 
than by a potassium chloride solution. It is a typical case, of the 
Hofmeister series. The most obvious explanation is that the iodine 
ion is adsorbed much more strongly than the chlorine ion^ and I 
have held to that as a working hypothesis for several years. The 
difficulty with it is that nobody has been able to show marked selec¬ 
tive adsorption of iodine ion, as required by the hypothesis. Since 
potassium iodide is a more effective peptizing agent than potassium 
chloride both in slightly acid and in slightly alkaline solution, the 
explanation cannot be right, because there should then be a reversal 
of effect as one changes from positively charged to negatively charged 
gelatine or vice-versa. 

We cannot be dealing with a solvent action of liquefied potassium 
iodide because the gelatine is peptized and not dissolved. It cannot 
be a peptization by liquefied potassium iodide because that would mean 
a selective adsorption of iodide, which we do not have. We have ap¬ 
parently excluded all direct action of potassium iodide on gelatine, 
in which case the only remaining possibility is an indirect action of 
potassium iodide on the gelatine. The potassium iodide may modify 
the water in such a way as to make the water more able to peptize 
gelatine at a given temperature. This hypothesis is the more plausible 
because the Hofmeister series crops up in one form or another in a 
large number of cases and the water seems to be the only thing in 
common. It cannot be a question of hydration alone, because the 
formation of hydrates of potassium iodide in solution would decrease 
the amount of free water and would therefore decrease and not in¬ 
crease the peptizing or liquefying action of the solution on gelatine. 

Liquid water is usually considered to be an associated liquid in 
which we have equilibrium between hydrol (HgO) and other forms, 
say dihydrol (H 20 ) 2 , trihydrol (H 20 ) 8 , and polyhydrols (H 20 )ii. 
For the present it is impossible to differentiate the hydrols to any 
great extent and I am therefore going to consider water temporarily- 
as consisting of a mixture of a depol 3 nnerized form which I will call 
hydrol and a polymerized form which I * will call polyhydrol. We 
know that the equilibrium between these two forms may be displaced 

29 



30 


COLLOID SYMPOSIUM MONOGRAPH 


by the addition of any other component. If the added component is 
more soluble in polyhydrol than in hydrol, the equilibrium will be 
displaced to the polyhydrol side. There have been quantitative studies 
of this sort of thing with NO 2 and N 2 O 4 in different solvents ^ and 
Beckmann ^ has classified solvents according to their power of poly¬ 
merizing organic acids. 

It is evident that a polymerized form will not necessarily behave 
exactly like a depolymerized form and that therefore hydrol may 
have solvent or peptizing powers which are not identical with those 
of polyhydrol. There is nothing new about this. H. E. Armstrong 
has blamed the physical chemists for decades because they treated 
water simply as water and not as a mixture of substances. Suther¬ 
land has calculated the amounts and the densities of two forms of 
liquid water under certain conditions. The orthodox explanation for 
the temperature of maximum density of water and the displacement 
of that temperature by the addition of salts is the occurrence of two 
forms of liquid water and the displacement of the equilibrium between 
them. In this very case we have a Hofmeister series for chloride, 
bromide, and iodide, though there seems to be some difficulty about 
sulfate. Bousfield ® has laid great stress on the effects due to the 
depolymerization of water, and many other instances could.be given. 

All I am trying to do is to show, perhaps a little more specifically, 
the great importance of the water equilibrium for certain problems 
which are of great interest to the colloid chemist and to the physical 
chemist. In the particular case of gelatine our hypothesis means that 
one form of water does not peptize gelatine as readily as the other 
form, that potassium iodide displaces the water equilibrium so as 
to produce more of the form which peptizes gelatine readily, and that 
potassium chloride produces a lesser displacement of equilibrium in 
the same direction. There is nothing in the general hypothesis to 
show whether hydrol or polyhydrol peptizes gelatine more readily. 
Since potassium iodide lowers the temperature of the maximum density 
of water and since this lowering is believed to be due to increased 
formation of hydrol, we deduce that addition of potassium iodide 
causes increased formation of hydrol. If that is the case we ought 
to get an effect similar to that of potassium iodide by increasing the 
amount of hydrol in other w^ays, say by raising the temperature. As 
\ye all know, we can liquefy gelatine in hot water. This is of no real 
value as a proof because it is quite possible that we could have lique¬ 
fied gelatine in hot water even if there had been no displacement of 
the water equilibrium. 

It will be more interesting to consider a case in which the poly- 

'Cundall, 7. Chem. Soe., 59, 1076 (1891); 67, 794 (1895). 
physik. a^rm., 6. 437 (1890). 

® Trans. Faraday Soc., 16, 47 (1919). 
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merized form of a liquid is the active substance. Pyroxylin is 
peptized by an ether-alcohol mixture and not by either pure liquid 
at room temperature. Ethyl alcohol causes pyroxylin to swell ap¬ 
preciably while ethyl ether does not. It has been shown by Lunge ^ 
and confirmed by Byron ^ in the Cornell laboratory that the ether 
apparently plays no direct part in the peptization of the pyroxylin. 
It must therefore activate the alcohol by increasing or decreasing the 
relative amount of depolymerized alcohol. If the depolymerized alco¬ 
hol is the peptizing agent, it should be possible to peptize pyroxylin 
by alcohol alone at higher temperatures. If the polymerized alcohol 
is the peptizing agent, it should be possible to peptize pyroxylin by 
alcohol alone at lower temperatures. It has been shown by McBain® 
and confirmed by Byron that there is no appreciable peptization of 
pyroxylin by alcohol at 140°. It has been shown by Kugelmass ^ 
and by McBain, and confirmed by Byron, that, pyroxylin is peptized 
by alcohol at very low temperatures. If the hypothesis is right, a 
colloidal solution prepared at low temperatures should become more 
viscous at the temperature rises because the relative amount of the 
peptizing agent decreases with rising temperature. It has been, shown 
by McBain and confirmed by Byron that a colloidal solution of pyroxy¬ 
lin in alcohol, which is quite mobile at low temperatures, becomes 
a soft, flowing jelly at room temperatures. It has been shown by 
Byron that this soft flowing mass becomes a stiff jelly when heated 
well above 100°, and that the tube can be turned upside down with¬ 
out the contents flowing out. 

This is a striking illustration of the effect which may be pro¬ 
duced by a polymerization of a liquid and it opens up a number of 
new problems, not the least interesting of which is to find out why 
ether increases the degree of polymerization of alcohol. For the 
present, however, I wish to call attention to certain problems which 
have troubled physical chemists for a generation. The first of 
these is the dilution law. I cannot guarantee an explanation of our 
difficulties; but I can suggest a new line of attack. The constancy 
of the dissociation constant depends of course on the constancy of 
the solvent because the dissociation constant is a function of the 
nature of the solvent. If the water equilibrium is displaced appreciably 
with increasing concentration of a salt, acid, or base, the dissociation 
constant will also vary. It is impossible to say that the dilution 
law will hold for strong electrolytes if we take this factor into account; 
but it is unjustifiable to say that it does not hold until we have taken 

angew. Chem., 14, 688 (1910). 

»/. ^ys. Chew., 30, 1116 (1926). 

•McBain, Harvey, and Smith, J, Phys* Chew., SO, 312 (1926). 

-fRec. irav. chim., 41, 761 (1922). 
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this factor into account, and there is very little to be gained by 
devising empirical formulas which ignore this factor. 

There is another case in which I can be more definite. The neu¬ 
tral salt effect has been a source of worry for many years and has 
given rise to innumerable papers. On adding sodium chloride to a 
hydrochloric acid solution we should expect a slight forcing back 
of the dissociation because we are adding a salt with a common ion. 
What we actually get is an increase in the rate of hydrolysis of the 
esters and in the apparent hydrogen ion concentration as determined 
potentiometrically. We have invented ingenious explanations for this 
neutral salt effect without troubling ourselves to make certain that 
any actual change of hydrogen ion concentration occurs. The first 
thing that strikes me is that our different methods of determining 
hydrogen concentration give us very different results. Akerlof ® found 
that four-normal sodium chloride increased the apparent hydrogen ion 
concentration of the hydrochloric acid by about five hundred per cent 
and the rate of inversion by only about one hundred per cent. Pre¬ 
liminary experiments in the Cornell laboratory show a different rela¬ 
tion for the inversion of sugar. The freezing-point determinations 
give a third set of values and the conductivity measurements a fourth. 

This makes it probable that there may be errors in some one—and 
perhaps in all—of our methods of determining hydrogen ion concen¬ 
trations. Let us consider the potentiometric method first. If we have 
a cell HajciHCljcaHCIlHo and we eliminate or correct for the potential 
difference between the two solutions, the electromotive force as cal- 

RTf P P I 

culated by the Nernst formula will be* E =-4 loe-lo?_I 

F \ aiCi ° OsCaJ 
where Oj and eta are the dissociations in the two solutions and con¬ 
sequently UiCi and ttsC. are equal to (or proportional to) />, and p 2 
respectively, the osmotic pressures of the hydrogen ions in the two 
solutions. If the second solution is so dilute that we may consider 
the dissociation as complete, and if the solution pressure term, log P, 
does not change with the concentration, the equation becomes 


E 


RT 

F 




If we determine E, we can solve for a, and that is the way in which 
we ordinarily determine hydrogen ion concentralions in principle, 
though we may actually measure the half-cell against a calomel 
electrode or against a standard hydrogen electrode, adding or sub¬ 
tracting a suitable constant in each case. If the solution pressure 
varies with the concentration, however, the equation becomes 

•Z. phytik. Cheta., 98, 360 (1921), 
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£ = 


RT 

F 



and one cannot calculate the value of Ui because there are three (or 
two) unknown quantities in the equation. 

I am not interested for the moment in the question whether the 
so-called solution pressure varies enough with the concentration to 
make all determinations of hydrogen ion concentrations of doubt¬ 
ful value. I am interested in the neutral salt effect because there 
it is not a question of quibbling over trifles. If we start with O.IN 
HQ and add enough sodium chloride to make the apparent hydro¬ 
gen ion concentration equivalent to 0.5N HQ, which can be done 
without trouble, we cannot possibly be measuring changes in hydro¬ 
gen ion concentration alone. No one would consider anything less 
than 60 per cent dissociation for O.IN HQ and most people would 
stand out for at least 85 per cent dissociation. A 300 per cent 
dissociation or higher is of course absurd and consequently we know 
that we are measuring something other than the change in hydrogen 
ion concentration. The other variable is, therefore, log P, the log¬ 
arithm of the so-called solution pressure. 

It may be well to substitute another phrase for the logarithm of 
the so-called solution pressure. In the case of a strictly reversible 
electrode we know that the potential difference is equal to the differ¬ 
ence of the chemical potentials. The chemical potential of the metal 
is of course a constant at constant temperature and pressure. We 
may, therefore, write, if we like 


The chemical potential of the ion for which the electrode is reversible 
is composed of two terms, one for the ion at unit concentration and 
one for the concentration. We may write 

RT' ^ 

3ti = — log B + — log/)i. 
nF nF 

The potential difference between the metal and the solution is 

RT 

3t — 3ti = — (log ^ — log S — log/-i). 


If we write £'*for it — 3ti and log P for log (A/B) we come right 
back to the Nernst equation 
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Since aiCi is equal to (or proportional to) pi, one can be substituted 
for the other. We see, then, that a decrease in E', the single-potential 
difference, may be due to an increase in the osmotic pressure (con¬ 
centration) of the ion, to a decrease in the solution pressure Pi or to 
some combination of the two. Instead of a decrease in the solution 
pressure of hydrogen we may say that we have an increase in the 
chemical potential of hydrogen ion. The advantage of this is that 
it enables us to make plausible the relation between the potentiometric 
data and those on the color changes of the indicators. Few people 
would admit that the color change of an indicator depends on the 
solution pressure of hydrogen gas; but few would dare deny that 
it depends on the chemical potential of hydrogen ion. There is all 
the difference in the world between tweedledum and tweedledee. With 
indicators having a large salt error the color change depends also upon 
another factor which has not yet been determined. 

In the case of the hydrolysis of the esters, the change in the 
solvent will produce an unpredictable change in the reaction velocity 
which need not stand in any necessary relation to the change in the 
apparent concentration of hydrogen ion. 

The present line of thought causes me to criticize the distinctly 
formal treatment of equilibrium by means of the activity concept.® 
“Although we have already seen that the molal free energy makes a 
very satisfactory quantitative measure of the escaping tendency, there 
are certain respects in which this function is awkward. For instance, 
the molal free energy of a gas approaches an infinite negative value 
as the pressure approaches zero, and we shall see that this kind of 
inconvenience enters even more in the study of the partial molal 
free energy in solutions. For such reason^ another scale of measure¬ 
ment of the escaping tendency is sometimes to be preferred, and we 
shall not hesitate to employ, side by side with the molal free energy, 
a second measure of the escaping tendency, which is called the 
fiigacify. . . . 

“We may partially define the fugacity /, in terms of the free energy, 
F, through the equation 

* F=:f?rin/+B, 

where B is defined no further than by the statement that it is a func¬ 
tion of temperature only, or, in other words, that it is a constant at a 
single temperature/’ 

“If we consider one constituent of a solution .at two different 
concentrations, but at the same temperature, and if by some method we 
determine for this constituent AF = f — f' between these concentfa- 

*Z>wis and Randall, '“Tbennodynamics,'* 190, 191, 254 828 (1928). 

"LcwiSi Prpc^ Am, Acad., 37, 49 (1901) y Z. physik. Chem,, 88, 205 (1901). 
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tions, then we have also determined the ratio of the fugacities. For, 
by Equation XVIII-?, 

F —F'=Erinp 

“Now we often have occasion to determine and to use such a 
ratio of fugacities when it is impossible or inexpedient to determine 
the numerical value of either fugacity; for example, we may be deal¬ 
ing with an almost involatile substance. It has therefore proved 
advantageous to consider, at a given temperature, the ratio between 
the fugacity / of a substance in some given state and its fugacity 
in some state which, for temporary convenience, is chosen as a 
standard state. This relative fugacity is called the activity and 
denoted by a. Thus in the standard state the activity is unity, a® = 1, 
while in any other state it is given by the equations. 



F — F® = RT In a 


where at a given temperature, the molal free energy in any state is f, 
and in the standard state f®.” 

“The mean activity of the ions, a*, divided by the molality of 
the electrol 3 rte, gives a quantity which has been called the thermody¬ 
namic degree of dissociation, since it may be used to replace the 
degree of dissociation as used in the older formulas. This quantity 
has also been called the activity coefficient,^^ and, in order to avoid 
any implication as to the molecular species which may be present, 
this is the term which we shall ordinarily employ henceforth.^® It 
will be denoted by y.” 

The question of activity is given in a condensed and perhaps 
more intelligible form by Dawson.^^ “Methods for the determina¬ 
tion of the activities of the components of a solution—solute, solvent, 
molecules, and ions—^have been worked out by G, N. Lewis and his 
collaborators. For a detailed account of these methods reference 
may be made to that extraordinarily interesting work by Lewis and 


^ Sometimes called also the relative activity; for Lewis first defined the absolute activity, 
as he defined the fugacity, by reference to the attenuated gaseous state, in which the activity 
was taken as equal to the concentration (Proc. Am. Acad., 43, 269 (1907); Z. physik. Cketn., 
61, 129 (1907)). More recently, however^ it has become the general custom to use the 
term activity in the sense of relative activity, or relative fugacity, and it is in this sense 
that we shall use it henceforth. 

“The term activity coefficient has been used in two senses, sometimes to mean the ion 
activity divided by the assumed ion molality, and sometimes to express the ion activity 
divided by the gross molality of the electrol:^e. This latter usage, to which we shall find 
it desirable to adhere in thermodynamic work is more expressly designated by Bronsted 
(/. Am. Chem. Soc., 42, 761 (1920)) as the stoichiametrical activity coefficient.. 

*• For a weak binary electrolyte, when we do not choose to employ the convention that 
+ o- = we still write y = a+/m, but we cannot write y = 

“*‘Ann. Reports on the Progress of Chemistry,” 21, 24 (1924). 
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Randall/® in which the authors describe and illustrate many novel 
applications of thermodynamics to chemical problems. The deviation 
of actual from ideal behavior may be conveniently, expressed by the 
activity coefficient (a = ratio of activity to concentration), which may 
be defined as the factor by which the concentrations must be multiplied 
in order to make the expressions for mass action and free energy ap¬ 
plicable to actual as distinguished from ideal solutes. Alternative 
and independent methods of evaluation are shown to afford consistent 
values for the activity coefficient.” 

In other words the activities are the value which one must sub¬ 
stitute for the concentrations in order to make the formulas fit. This 
means that we give up all attempts either to test or to improve 
our formulas. Lewis implies that his formulas are right because he 
has deduced them thermodynamically and that consequently he is justi¬ 
fied in changing the facts to fit the formula. 

The people interested in activities do not care whether the addi¬ 
tion of a neutral salt does or does not change the actual hydrogen ion 
concentration of a solution or not. They are satisfied with their 
formulas and their formulas fit the facts when activities are sub¬ 
stituted for concentrations, in other words when they make the facts 
fit the formulas. When the history of this period comes to be written, 
people will probably consider the activity craze as more foolish than 
the phlogiston theory. 

If the addition of a second salt changes the water equilibrium, 
Debye’s wtvy ingenious theory of solubilities becomes a triumph of 
misapplied skill in calculation. 

The general results of this paper are as follows: 

1. The displacement of the water equilibrium is apparently the im¬ 
portant factor in the peptization of gelatine by potassium iodide 
solutions and in the effect of neutral salts on pH values. 

2. The pH values, as at present determined, stand in no necessary 
relation to the actual concentrations of hydrogen as ion. 

3. There is no satisfactory evidence as yet that the addition of 
sodium chloride to a dilute hydrochloric acid solution causes any in¬ 
crease in the actual hydrogen ion concentration. 

4. It is possible that the displacement of the water equilibrium 
is of importance in causing the variations from the dilution law. 

5. The agreement between the potentiometrically determined pH 
values and those determined by indicators is not an independent con¬ 
firmation, because both depend on the chemical potential of hydrogen 
ion and not solely on the concentration of hydrogen ion. 


“^‘Thermodynamics and the Free Energy of Chemical Substances” <1928). 
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6. Since the activities are, b)’ definition, the values which must 
be substituted for the concentrations in order to make the formulas 
fit, it is impossible to test the accuracy of the formulas by means of 
the activity determinations. 

Cornell University, 

Ithaca, New York. 



MAKING AND BREAKING EMULSIONS^ 


By Wheeler P. Davey 
I. Making Emulsions. 

The making of emulsions can be most easily described in terms of a 
definite mechanical picture of emulsion structure. It will therefore be 
worth our while to give briefly sucn a picture before discussing the 
methods of manufacture which have been developed by means of that 
picture; 

For the purposes of this discussion an emulsion may be defined as 
a colloidal dispersion of one liquid in a second liquid. Usually one of 
these liquids is water and the other is an oil. The easiest method of 
making such an emulsion permanent is to have at the interface between 
the two phases a monomolecular layer of a third substance. In order 
that such ^ monomolecular layer may act as an emulsifying agent, not 
only must the substance be able to spread into a monomolecular layer 
on either water or oil, but the orientation of the layer formed on water 
must be opposite to that formed on a hydrocarbon oil. The soaps are 
characteristic substances of this sort, for one end of the molecule ends 
in a CHs group which can be adsorbed on an oil surface, while the other 
end is a CO-OM group which can be adsorbed on a water surface. It 
is upon the structure and dimensions of the molecules of the emulsifying 
agent that the important physical properties of the emulsion depend. 

If the molecules of the emulsifying agent are too short,^ as in the 
case of sodium acetate, each end finds its effect largely nullified by the 
field from the other end, and the emulsion is unstable. It is only when 
the molecules are long enough for the substance to be properly called 
a “soap’’ that a stable emulsion is formed. In the case of the oil-in- 
water type of emulsion if the molecules of the emulsifying agent are 
barely long enough to give a permanent emulsion (for instance sodium 
laurate) they may be thought of as standing out from the surface of 
the oil droplet like stiff bristles. We may picture the CH 3 groups at 
one end of the soap molecule sticking to the CH 3 groups of the oil 

' Some of the ideas presented in this paper may be found in the published literature, and 
many in various - patent disclosures. Still others are contained in company reports and are 
given here for the first time. It is the purpose of this paper to give a connected account 
of the theory of making and breaking emulsions in so far as it seems to the writer to have 
a sure foundation. No attempt has been made, however, to give the sources of the various 
. items of information. 

* For the sake of simplicity, the effect of double bonds is neglected in this discussion. 
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droplets, and the carboxyl groups tying a film of water to the droplet. 
Such a picture shows why two such droplets cannot easily coalesce, 
for when they collide the “contact'* is only between two water films, 
and the droplets of oil never touch each other. 

If an emulsifying agent is used whose molecules are somewhat longer 
(for instance sodium stearate) we may picture the outer ends of the 
bristles as being so far separated from each other that the adsorbed 
water film is not quite complete. A collision between two particles of 
the disperse phase may therefore result in an interlocking of the bristles, 
thus sticking the droplets together much like two hair brushes pressed 
against each other. Such an emulsion will slowly gel on continued 
standing at room temperature, but may be rendered fluid again by 
vigorous stirring or by heating. The effect of the mechanical stirring 
or of the heating may be likened to that of shaking the two hair brushes 
apart. It may be assumed that, if an emulsifying agent with still longer 
molecules is used, the emulsion will gel more quickly and at higher 
temperatures. 

The bristle picture explains, too, why a gel should have a three 
dimensional chain structure. It is believed that most ordinary emulsions 
of the water-in-oil type have a gel-like structure, in which bristles of 
the emulsifying agent from one oil droplet tend to interlock with bristles 
from an adjacent oil droplet to give the characteristic stiff structure 
of the oil phase of such emulsions. The water phase is supposed to 
be held in the interstices between the chains of oil droplets by the 
remaining free bristles. 

It is at once evident that water-in-oil emulsions can be made in 
any one of four ways,—(1) an emulsifying agent may be used whose 
molecules are so long that they cannot disentangle themselves easily 
at ordinary temperatures, (2) an emulsifying agent can be used whose 
adsorptive power for water is weak, (3) an emulsifying agent may be 
used such as a soap containing a polyvalent metal, in which the area 
covered by the CHg groups may be assumed to be considerably greater 
than that covered by the carboxyl groups tied to the polyvalent metal, 
(4) the proportion of water to oil may be so low that the oil droplets 
are compelled to come in contact with each other irrespective of the 
properties of the emulsifying agent. Further comment on the first 
and third methods is obviously unnecessary. The second method is con¬ 
sidered to be the one employed when the emulsif 3 ang agent is an organic 
acid, such as oleic acid. The fourth method is always found at one stage 
in the commercial manufacture of oil-in-water emulsions. 

Oil-in-water emulsions can be made either with the aid of mechani¬ 
cal agitation or by so adjusting the physical conditions that the emulsifi¬ 
cation is spontaneous. The first requisite to spontaneous emulsification 
is that the agent be pretty uniformly dispersed in the oily material which 



40 


COLLOID SYMPOSIUM MONOGRAPH 


is to become the disperse phase. The limiting case of this is an or¬ 
dinary liquid soap, for there every molecule in the disj^erse phase has 
the properties of an emulsifying agent. When an alkali-metal soap is 
to be dispersed in an oil, preparatory to making an oil-in-water emul¬ 
sion, advantage is taken of the fact that the carboxyl end of the soap 
molecule attaches itself readily to water. The soap is therefore ‘'dis- 
”solved’’ in water and this '‘solution” is added to the oil. The mixture 
is then heated to drive off water until only enough water is left to act 
as a nucleus at the center of a colloidal droplet of soap. Each droplet 
is to be thought of as having a radius only slightly larger than the 
length of soap molecule. Each molecule is pictured as being oriented 
so that its carboxyl group is attached to a nucleus of water at the center 
of the droplet. The end containing a CHs group is at the circumference 
of the droplet and is thought of as being attached to the oil. When 
this condition has been reached, water can no longer be boiled out so 
easily as before, and the droplets of alkali-metal soap disperse spon¬ 
taneously in the oil. The amount of water remaining in equilibrium in 
the nucleus of the droplets of soap is apparently a function of the 
temperature to which the mass has been heated. In most of the writer’s 
emulsions (mixtures of oils and asphalts dispersed in water) the dis¬ 
persion of soap in oil was fairly complete at 175® C. The mass was 
heated, however, to obtain still more complete dispersion to 250° C. 
with but little further loss of water. The physical structure of the 
soap-in-oil corresponds to that pictured in ordinary cup grease except 
that at the temperatures employed the fluidity is such that a sort of 
creaming seems to occur. 

If, now, boiling water is allowed to come in contact with the surface 
of the oil, a little oil-in-water emulsion is formed spontaneously. The 
action may be greatly speeded up and made more homogeneous by the 
following procedure. 

(1) The soap-in-oil is heated considerably above the temperature 
at w'hich the soap first becomes dispersed in the oil. In the writer’s 
experiments the temperature reached was 250° C. This insures the 
maximum dispersion of soap and therefore the minimum viscosity at 
the lower temperatures used at a later stage in the process. 

(2) Boiling water (so as to have a minimum local cooling effect) 
is added slowly to the soap-in-oil while it is still quite hot (in the writer’s 
experiments, 200° C.). Stirring by paddles, or by a dough mixer, 
presents a larger surface for the action of the water, and tends to keep 
the concentration of water more uniform throughout the whole mass. 
As the temperature of the soap-in-oil falls, and more and more water 
is added, the amount of water in equilibrium in the center of the soap 
droplets becomes greater and greater (phenomenon of "‘swelling”) until 
finally the threshold of emulsification of oil-in-water is reached for 



MAKING AND BREAKING EMULSIONS 


41 


the temperature employed. The structure is, by this time, to be pic¬ 
tured as a collection of oil droplets each of which is surrounded by 
bristles of soap which interlock from droplet to droplet to give a net¬ 
work of oil. The water phase is thought of as forming a network in 
the interstices between the chains of oil droplets. 

(3) The addition of more water produces a definite oil-in-water 
emulsion if only the temperature is high enough to shake the oil droplets 
apart. By continuing the addition of water a dilution is finally reached 
which will not gel above the freezing point provided that the soap 
molecules are not too long. 

It has therefore been found possible in terms of a definite picture 
of emulsion structure to work out a method of making oil emulsify 
spontaneously in water without the customary vigorous mechanical 
agitation. The method is free from the necessity of close technical 
supervision, and is in successful regular factory use under ordinary 
factory conditions. The customary factory batch is 275 gallons. It 
may be of interest to note that not a single factory batch made by this 
method in over seven years has failed to emulsify satisfactorily. It is 
recognized that the picture on which the method is founded is largely 
qualitative. Its justification lies in the degree to which it correlates 
known facts and in the end results which it has produced. It is hoped 
at a later date to make this picture quantitative by means of a new 
method for measuring directly the dimensions of colloidal particles, 
but a discussion of this would be premature at present. 


II. Breaking Emulsions. 

Breaking an emulsion is defined as the process of causing the dis¬ 
perse phase to coalesce into a mass which is substantially free from 
the dispersion medium. It is synonymous with curdling. Breaking 
may be accomplished by (1) mechanical action, (2) concentration, (3) 
electrodeposition, (4) the “hot-dip,” or (5) electrodeposition. 

The churning of cream to butter is the outstanding example of 
breaking an emulsion by mechanical action. The churning is supposed 
to split open the layer of emulsifying agent (casein) so that the droplets 
of the oil phase are able to coalesce. A somewhat similar action is 
reported in the case of dilute water dispersions in mineral oil. 

It has already been mentioned that oil-in-water emulsions tend to 
gel upon concentration. The ultimate limit of this is a breaking of 
the emulsion. It is especially noticeable during freezing of emulsions 
which have a soap emulsif 3 dng agent. The water phase tends to freeze 
as pure ice with tiny inclusions of the oil phase. This concentrates the 
main body of the oil phase so that the droplets are matted together by 
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the entanglement of the '‘bristles’’ of soap, thus giving a curd which 
is practically water-free. Such a curd can be re-emulsified in the 
original water by heating to 95° G. The heat motion seems to shake 
the droplets apart from each other so that each one floats around in 
the water phase once more, independent of its neighbors. A similar 
curdling action may be obtained by using a high speed centrifuge. 

Each droplet of oil in an oil-in-water emulsion acts as though it 
carried a charge of negative electricity. This is to be expected if it is 
once granted that soaps can become ionized in water, for each organic 
chain of the soap which is attached to an oil droplet would be a negative 
ion. If D.C. electrodes are inserted in an oil-in-water emulsion it is 
found that the droplets of oil migrate to the positively charged electrode. 
If they have a sufficiently high viscosity they will stick to each other 
and to the electrode, forming a tough spongy coat which holds some 
of the original emulsion in its pores. From one point of view, this 
coat may be considered to be a special case of breaking by concentra¬ 
tion, the electric field being a method of causing the concentration. 
This viewpoint is strengthened by the fact that, if such a deposit is 
placed in boiling water before it has become still more concentrated 
by the diydng of the occluded portidn, most of it will wash off to give 
an oil-in-water emulsion. However, this can hardly be assumed to 
be a complete picture, for that portion of the coat nearest the electrode 
does not wash off so easily, showing that the charge on the electrode 
has altered the structure of that portion of the coat. The electro¬ 
deposition of the oil phase from an oil-in-water emulsion seems to 
follow the ordinary laws of electrolysis in that the quantity of the 
deposit is proportional to the total quantity of electric charge employed. 
The process differs from metallic electroplating not only in the reversed 
signs of the electrodes but also in that it may be carried out successfully 
at any ordinary voltage. The writer uses voltages from 25 V. to 250 V. 
Since the coating of “oil” has insulating properties, there is a polariza¬ 
tion effect which tends to limit the thickness of coat for any particular 
voltage. 

It is found that if a dense substance such as a sheet of metal or a 
piece of electrical porcelain is heated to about 250° C. and suddenly 
plunged into an oil-in-water emulsion, it becomes coated with a layer 
of the oil-phase. Several theories have been proposed to account for 
this effect, but none have been completely satisfactory. The most 
satisfactory theory is that the hot substance, raises the emulsion to the 
boiling point in the immediate neighborhood of that substance and that 
the oil phase then separates out by concentration in the form of a 
closely fitting bag. 

We have, seen that the picture of negatively charged droplets of oil 
in a soap-stabilized oil-in-water emulsion is consistent with the widely 
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accepted picture of ionization of soap-molecules. The addition of a 
small amount of alkali has but little effect, but an excess will (to use 
the ion-product-constant terminology) repress the ionization of the 
soap, and should therefore reduce the attraction between the carboxyl 
group and the water. This makes it possible for the soap films of the 
droplets to become meshed together upon collision. A salt of an alkali 
metal has a similar, but very much stronger action. The addition of 
acid to a soap-stabilized emulsion changes the monomolecular soap 
films around the droplets from negative ions to neutral organic acid 
molecules. This in turn reduces the attraction between the emulsifying 
agent and the water, thus permitting coagulation of the disperse phase. 
A salt of a polyvalent metal forms a so-called “metal soap,” thus caus¬ 
ing coagulation just as before. A somewhat similar picture may be 
made of casein-stabilized emulsions and emulsions with other amphoteric 
emulsifying agents when brought near their isoelectric point. In such 
cases, the changes to be made in the detailed pictures given above are 
obvious. 

From the foregoing, it is evident that the same plausible picture 
of emulsion structure given at the beginning of this paper gives a 
rational explanation not only of, the methods of making emulsions, but 
also of the methods of breaking them. 

Research Laboratory, 

General Electric Company, 

Schenectady, New York. 



EMULSIFICATION: 1. A STUDY OF OIL SOLUBLE 
EMULSIFYING AGENTS 

By Brian Mead and John T. McCoy 


Introduction: 


It is generally accepted that interfacial tension lowering and emulsi¬ 
fication power are very closely related. Some go so far as to say that 
interfacial tension lowering is the controlling factor in emulsification.^ 
This much is certain, that those substances which lower the surface 
tension of water do also act as emulsifying agents for oil in water. 
The mechanism by which the stabilization occurs has been variously ex¬ 
plained. Thus Bancroft ^ has postulated a film of molecules of emulsi¬ 
fying agents around the globules of dispersed phase. This film may 
be considered as being held in position by the forces of adsorption. 
By lowering the surface tension on the water side of the interface, the 
film: is so curved that it eventually actually encloses a drop of oil 
and prevents its coalescence with another similarly enclosed drop. 

The oriented wedge Theory of Langmuir-Harkins ® is of a different 
type altogether. It has as its main postulate the polar nature of the 
substance which acts as emulsifying agent. This results in one part 
of the molecule being strongly attracted by, and imbedded in, the water, 
while another is equally strongly held in the oil phase. This results 
in an extremely strong bond between the two phases. 

It has long been recognized that oil-water emulsions may be of two 
types: First, those in which the oil is dispersed in a continuous 
medium of water and the second with these phase relations reversed. 
In either case it is necessary, in order that a stable emulsion may re¬ 
sult, that there be a suitable emulsifying agent dissolved or dispersed 
in the continuous medium. Of such agents which stabilize the oil-in- 
water type of emulsion the most prominent examples are the water- 
soluble soaps. It is possible also to use a number of insoluble finely 
divided solids^ which are relatively more readily wet by water than 
they are by oil, to achieve the same end. Such powdered materials 
will concentrate at the interface between the oil and the water, and 


^Hillyer, /. CJtem. Soc„ 26, 613 (1903); Wliite and 
617 (1920). 

““Applied Colloid Chemistry,’* 261 (1921). 

* Hari^s, Bogue’s “Colloidal Behavior,” 142-210 (1924). 

* Briggs, Jnd, Eng, Ckem,, IS, 1008 (1921); Pickering, /. 
Schlaepfer, J. Chem, Soc., 113, 522 (1918). 


harden, /. Phys. Chem,, 24, 


Chem, Soc,, 91, 2002 (1902); 


44 



A STUDY OF OIL SOLUBLE EMULSIFYING AGENTS 45 


so will stabilize the oil drops in the water. These powders, however, 
do not have any effect on surface tension. 

On the other hand, soaps of the polyvalent metals will dissolve more 
or less readily in the oil phase and not at all in water. They stabilize 
the opposite type of emulsion, in which the water is dispersed in oil. 

A great deal of work has been done in the past on the determination 
of the emulsifying tendencies and characteristics of the water soluble 
emulsifiers, and we are now in a position to draw some conclusions 
as to the manner in which they act. Whilst the emulsions resulting 
from the use of such materials are of considerable importance in 
pharmacy, it is with water-in-oil emulsions, their stability and resolu¬ 
tion, that oil technologists are primarily concerned. It is this type of 
emulsion which confronts them in the oil fields and to which they have 
to devote so large an amount of thought and energy. Many of the 
chemical, mechanical, and electrical methods which are actually utilized 
for the breaking of such emulsions are the result of empirical methods 
which have little or no scientific basis. It is known that certain methods 
have been successful in dealing with emulsions from specific localities 
whilst they are quite useless for emulsions coming from a different 
source. 

Considering, for example, the well known Tret-o-lite ** method of 
breaking crude emulsions. Tret-o-lite, a patented compound, contains 


Sodium resinate . 5.5 

Sodium silicate . 5.0 

Phenol . 4.0 

Paraffin . 1.5 

Water . 1.0 


Sodium oleate is partly soluble in oils, and yet it is not this solu¬ 
bility alone which is the cause of the breaking of the emulsion which 
results when this reagent is agitated with a crude-oil emulsion. Sodium 
oleate alone will not cause such a separation. What happens in such 
cases is that the sodium oleate will emulsify drops of oil in the water 
phase, these oil drops themselves having water emulsified in them. If 
such a complex emulsion be now treated with any of the salting-out 
agents (any acid or a salt of a monovalent metal) the oil-in-water 
emulsion is broken but there still remains a great deal of water emulsi¬ 
fied in the oil which so results. We can, however, by the addition of 
phenol to the sodium oleate in the proportions- required by the tret-o-lite 
form^ila, cause an actual breaking of the water-in-oil emulsion, even 
though in this case, too, we may get an intermediate formation of an 
oil-in-water emulsion which it will be necessary to break by the addi¬ 
tion of a salting out agent. By the use of such a mixture it is possible 

“Mathews and Crosby, J, Ind, Eng. Chem., IS, 1015-16 (1921). 
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to obtain results which are entirely comparable with those obtained by 
using the complete ingredients called for by the tret-o-lite formula, 
so that the efficiency of the formula would seem to be dependent largely, 
if not entirely, upon the presence of the sodium oleate and the phenol. 
Moreover, it is a comparatively simple matter to get considerably better 
resolution in many cases by the use of ® other phenolic substances than 
phenol itself. Thus, unpublished work in this Laboratory has shown 
conclusively that by the use of poly phenols which are successively more 
and more acidic in character, it is possible to get more and more com¬ 
plete resolution of the emulsion. 

In view of these considerations it is not unjustifiable to draw the 
conclusion that by the interaction of sodium oleate and e.g. phenol, we 
form sodium phenolate and oleic acid. This latter is readily soluble 
in such oils as form the basis of the emulsions under consideration. 
On the basis of any of the various theories of emulsification, if we are 
to be able to break an emulsion, we must be able to attack the interface 
between oil and water by the breaking agent we are using. It may 
well be that the function of the oleic acid, formed as has been postu¬ 
lated, is just to attack the film of whatever emulsifying agent it is which 
is surrounding the particles of dispersed water and stabilizing them. 

Experimental Procedure: 

A modified form of stalagmometer was used for the determination 
of the interfacial tension which exists between a sample of oil and pure 
water. This consists essentially of a small pipette, the lower extremity 
of which is sealed into a capillary tube, the exposed end of which is 
very carefully ground off to a plane surface at right angles to the axis 
of the pipette. This grinding is accomplished by imbedding the glass 
tube in Rose metal, grinding it on successively finer emery wheels and 
subsequently removing the metal by dipping in hot water. It has been 
shown by previous workers on interfacial tensions that the time of 
formation of drops in such afi apparatus very largely controls the size 
of the resultant drop. In riew of this, a drop formation time of one 
minute was maintained throughout the experimental work. The Lohn- 
stein Harkins correction for the size of the drop was applied in each 
case.^ The rate of drop formation was controlled by means of a capil¬ 
lary tube through which air entered to the top of the liquid in the 
pipette. This gave extremely sensitive and accurate control of the 
time of drop formation. A number of such capillary tubes was pre¬ 
pared ahead of time and a suitable one was taken for each set of 
experiments. Extreme precautions were taken to insure that the ground 

•Lyon, Thesis, Chem. Eng., 1023, Mass. Inst. Technology. 

» Harkins, 7. Am. Chem. Soc., 41. 499 (1919). 
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PERCENT OLEIC ACID IN KEROSENE 
Fig. 1. 



PERCENT OLEIC ACID IN KEROSENE 


Fig. 2. 
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glass tip of the capillary was completely wetted by water before each 
determination of the drop number. 

In order to appreciate and to understand the action of the oleic 
acid, the first and most obvious step was to dissolve some of it in oil 
and to determine the effect which it had on the interfacial tension 
between oil and water. 

Similar reasoning being equally applicable to the case of sodium 
stearate, since experiments showed that it could be substituted for 



Fig. 5. 


sodium oleate with satisfactory results, .a further set of determinations 
was made as to the influence of stearic acid as the oil-water interfacial 
tension. The results are shown graphically in Figures 1-S. The curves 
show very clearly that the effect is an adsorption phenomenon, the 
characteristic shape for such curves being obtained in each case. After 
the addition of a comparatively small amount of either acid to the oil 
in question, the interfacial tension is lowered approximately to the same 
extent as by an addition of 90 per cent of the acid. Such an effect 
can only be caused by an adsorption phenomenon. Two different oils 
were used for this purpose—kerosene and nujol, and in both cases, 
this type of result is obtained. It is rather interesting to note that 
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oleic acid lowers the interfacial tension very much more than stearic 
acid, a result which might be expected in view of the fact that stearic 
acid is the saturated form of oleic acid. At the temperature of our 
experiments, sodium oleate is a much more efficient emulsifier than 
sodium stearate. It is interesting also to note that if we plot (as is 
done in Figure 6); the percentage lowering of the interfacial tension 
against the percent of acid added to oil, we obtain identical curves for 
the use of one acid on either oil, nujol or kerosene. The same differ- 



NUJOL AND KEROSENE 


Fig. 6. 

ence between the eflFect of oleic and of stearic acid is, of course, main¬ 
tained in this case. 

In view of this difiference between the effects on interfacial tension 
exhibited by the saturated and imsaturated forms of the same acid it 
is of interest to speculate on the influence of unsaturated compounds 
in general on the emulsification power of oils and on the interfacial 
tension between such oils and water. Crude oils are known to contain 
unsatorated compounds, and are known to emulsify, in some cases, 
considerable quantities of water, without the addition of any further 
stabilizing agent Of course, in some cases a contributing, or even 
the controlling, cause of emulsification is the presence of finely divided 
materials which, being preferentially wet by oil, act as emulsifying 
agents for the water with which the oil is in contact underground 
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before it comes to the surface. But even if such finely divided materials 
be removed from the oil there is still a great tendency for emulsification 
to take place. As the oil is progressively freed from unsaturated com¬ 
ponents in the refining process, it exhibits less and less tendency to 
emulsify water. 

Parsons and Wilson® took amylene as a type of the unsaturated 
compound which might well, exist in a crude oil, and they showed that 
amylene stabilized oil-in-water emulsions, the degree of stabilization 
being roughly proportional to the concentration of added amylene. 



F^g. 7. 


They tested its stabilizing influence by making emulsions containing 
various amounts of it, and determining the equivalent concentration of 
sodium chloride necessary to break the emulsions. It is to be noted 
that in their experiments they first made an emulsion of nujol in 
water by the use of sodium oleate and then added to this emulsion 
amylene in various concentrations. They specifically state that the 
amylene, when shaken with water gives a rather unstable emulsion 
(presumably amylene in water). Since the amylene is not appreciably 
water soluble there is, by virtue of the sodium oleate present in the 
system, little or no chance for the amylene to dissolve in the emulsified 
oil drops but it rather remains emulsified in the water. Hence it is 
not present in the system under conditions comparable with those 

•7. Ind: Eng. Chem., 13, 111« (1921). 
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tremely slowly, acting as a liquid of high viscosity. We have here an 
exaggerated example of a colloidal solution which is both fluid and 
elastic. 

Zhic stearate. A white powde/, melting at about 140° C. It sol¬ 
vates in oil at about 100° C. to give a clear solution. On cooling, how¬ 
ever, turbidity develops, precipitation occurring. 

Sodium oleate. In the course of sonie work on the emulsification 
power of sodium oleate ® it was found that this soap, in aqueous solu- 
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PERCENT OF SUSPENDED SODIUM OLEATE IN 
NUJOL 


Fig. 9. 

tion, deteriorated (“aged”) very markedly. Eventually it was possible 
for a sodium oleate solution actually to give an emulsion of the water- 
in-oil type, a complete reversal of its normal emulsification tendency. 
It seems probable that this reversal was due to solution in the oil ,of 
some of the hydrolysis or degradation products of the sodium oleate. 
In other experiments it was found that if an emulsion were made with 
sodium oleate as the emulsifying agent, this emulsion being then broken 
by the addition of sodium chloride, and the whole system allowed to 
stand for a time, some of the soap dissolved in the oil phase. If now 

• Reported at Baltimore Meeting Am. Chem. Soc., 1926. 
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the whole system were re-stirred vigorously, an emulsion of the oppo¬ 
site type would result (water in oil). Very evidently in this case also 
the sodium oleate was acting in a sense opposite to the normal. It is 
to be clearly understood that in neither case was the emulsion as stable 
as the ordinary type of oil-in-water. It could, moreover, be reversed 
by addition of water and agitation. The results were, how^ever, re¬ 
producible and unmistakable. 



DAYS OF CONTACT OF NUJOL WITH 
0.1^ SODIUM OLEATE 

Fig. 10. 


In view of these experiments a number of determinations were made 
on the effect of sodium oleate, when dissolved or suspended in nujol, 
on the nujol-water ihterfacial tension. When the soap was just stirred 
into the oil, and allowed to settle before determination of the interfacial 
tension against water, the results were very erratic and incapable of 
analysis. 

However, when the interfacial tension was determined while the 
oleate was still in suspension in nujol, very good checks were obtain¬ 
able, and the results obtained are given in Figure 9. These results are 
not at all comparable with the lowering which is obtained in the surface 
tension of solutions of sodium oleate in water. In such a case the 
tension would be reduced by the oleate to a value of about 25 d 3 mes/cin 
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for a 0.05 per cent solution. Mere contact with a sodium oleate solu¬ 
tion does not change the interfacial tension of the oil against water to 
the same extent. Figure 10 shows the effect given by contact for a 



Fig. 11. 



SODIUM OLEATE 
Fig. 12. 

period of time up to 24 days of nujol with 0.1 per cent sodium oleate 
solution. It will be seen that in two days the tension changes from 51.5 
to about 45 dynes/cm, thereafter remaining sensibly constant for 22 
days’ further exposure. 





A STUDY OF OIL SOLUBLE EMULSIFYING AGENTS 57 

Concerning the aging of the sodium oleate solutions, as mentioned 
above, a 1 per cent solution if allowed to stand in contact with air will 
actually age so badly as to give eventually a water in oil emulsion. The 
results obtained with such a solution are given in Figure 11. It will 
be seen that in such a case, the tension drops at first, to pass through 
a minimum, and ultimately rise again. The results are not very accu¬ 
rate, since to measure such extremely low interfacial tensions was 
outside of the province of the apparatus used. 

It is interesting to see the effect on the interfacial tension of a 0.1 
per cent solution of sodium oleate against nujol, of covering it with 
oil. Figure 12 shows clearly that when the soap solution is covered 
with oil its tension remains constant, whereas when it is freely exposed 
to air the tension rises steadily for 13 days, thereafter decreasing again. 
This experiment clearly indicates that the mechanism of aging is not 
due to hydrolysis of the sodium oleate but to the interaction with it 
of some atmospheric constituent. It will be of great interest to follow 
up this phenomenon more thoroughly. 


Summary. 

1. The effect on the oil-water inter facial tension of solution of 
oleic and stearic acids and of amylene in the oil has been determined. 

2. A similar determination has been made of the effect of zirconium 
and aluminum stearates. Other heavy metal soaps were either in¬ 
soluble in the oil or so increased the viscosity as to render the deter¬ 
minations impracticable. 

3. The effect on the oil-water interfacial tension of sodium oleate, 
suspended in oil, has been determined. 

4. The surface tension of a sodium oleate solution has been meas¬ 
ured, and the changes with time noted. 

Department of Chemical Engineering, 

Massachusetts Institute of Technology, 

Cambridge, Mass. 



THE MECHANICS OF ADSORPTION AND OF THE 
SWELLING OF GELS 


By Charles Terzaghi 

In an attempt to correlate the results of previous investigations con¬ 
cerning the elastic expansion of coarse grained soils with the results 
of the investigations concerning the swelling of elastic gels, I was 
startled by the close relationship which exists between these two groups 
of apparently very different phenomena. The following paper repre¬ 
sents an attempt to explain the causes of this relationship and to corre¬ 
late them with the current conceptions concerning the nature of the 
adsorption phenomenon. 


Relation Between Swelling Pressure and Vapor Pressure. 


By thermodynamic methods J. R. Katz ^ has derived, for the swelling 
pressure F the formula 

■ where M = the molecular weight of the liquid contained in a gel, 

Ko = the specific volume of this liquid, 

T — the absolute Temperature, 

R = the Gas constant, 

P = the pressure exerted by the gel at a certain concentration 
per unit of surface of a rigid obstacle when swelling, 
and 

h — the relative vtipor pressure of the gel at the same concen¬ 
tration. 


The same equation has been obtained by H. Freundlich® from 
a thermodynamic analysis of the following isothermal process: A 
quantity dw of a liquid is transferred from a gel I, exerting a swelling 
pressure Pi into a swelling gel II of the same type, but exerting a 
swelling pressure P 2 . H dV is the volume Occupied by the quantity dw 
of liquid, the work performed during the transfer is (Pi — Pi)dV 

^Kottoidchm. Beihefte, 19, 1-182 (1918). 

> "Espillarchemie," 930 (1922). 
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Then the quantity dw is distilled back from the gel II to the gel I 
which requires an amount of work 


RT 


In ^dw 


wherein Ai and /lo indicate the vapor pressures of the gels I and II re¬ 
spectively. Since the process is supposed to be isothermal, both amounts 
of work must be equal. The equation thus obtained also leads to 
the formula (1). 

On the other hand, based on the results of numerous Odometer tests, 
H, Freundlich and E. Posnjak® have derived an empirical relation 
which exists between the swelling pressure, measured by the Odometer 
method and the concentration of the gel. 

Let Q be the swelling pressure in grams per cm.^, 

c the concentration (grams of dry matter per 1000 oc. of dry 
matter and liquid), 

k a coefficient whose value varies, according to the nature of 
the gel between the extreme limits 2.48 and 4.13, and 
Qo a constant, characteristic for the gel. 

Q = Qo (2) 

According to both Freundlich and Katz, the values P and Q ex¬ 
pressed by the formulae 1 and 2 should be identical. Very few 
empirical data are available thus far for checking whether this assump¬ 
tion is justified or not. However, the few data which are at our 
disposal disclose a striking discrepancy between the figures computed 
by means of the formulas (1) and (2) respectively. In Figure 1 the 
abscissas represent the swelling pressures and the ordinates the void- 
ratio (relation between the volume occupied by the liquid and the 
volume occupied by the solid phase) of a gelatine gel. The abscissae 
of the plain curve Co represent the swelling pressures computed by 
Freundlich from the results of Odometer tests by means of the formula 


Q = 0.00002704. 


and the abscissae of the dotted curve Ci were computed from the results 
of vapor pressure determination for gelatine by means of the formula 


P 


RT 

MVo 


lnh = 


0.0821 X 293 
18 X LOO 


X 1000 X In = —1442 In h. 


The Odometer tests and the vapor pressure observations have been 
performed with two different gelatine preparations which certainly 

» Kolhidckem. Beihefte, 3, 417 <1912). 
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may account for part of the difference between the results. But the 
figure shows not only a tremendous difference between the numerical 
values, but also a fundamental difference in the character of the curves. 
One of the causes of the disagreement seems to reside in Freund- 



Era. 1. 


lich disregarding the fact that part of the volume of the gel is oc¬ 
cupied by solid matter. His formula should be provided with a cor¬ 
rection factor, to allow for this fact. This correction factor can 
easily be obtained by applying the laws of hydrostatics to the prob¬ 
lem in question. Provided the j^ysical characters of the capillary water 
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be identical with those of ordinary water, the low value of the vapor- 
pressure merely indicates that the water is in a state of tension. This 
becomes particularly obvious if deriving the vapor-pressure formula 
in the following manner: 

Consider two bodies of water of which the body I is under no 
stress (P = o), while the body II is in a state of tension, the intensity 
of the tension being equal to P per unit of surface. The vapor pres¬ 
sures should be and /zg respectively. If we transfer a quantity dw 
of water with a volume dV from body II to the body I, the work per¬ 
formed is equal to P . dV. On distilling it back again, one has to per¬ 
form an amount of work: 


Hence 


RT^ h. 

-—In — dw. 

M hi 


nirr RT hz j 

PdV = -^In —aw or 
M hi 

„ RT ^ h^dw RT , Jh, 

P = “TT 7““^ = 7777“ 

M hidV MV 0 hi 


( 3 ) 


If applying this formula to the vapor pressure on the surface of a 
small drop with a radius r, we must replace the pressure P by the pres¬ 
sure exerted by the surface tension t. This pressure is equal to 


hence 


t . 2Kr _ 2t 

^ r 


2 # = 


" ^ 0 
r 


M 


In 


h 

hi 


which represents the well-known vapor pressure formula for a small 
drop. 

The tension which exists in the capillary water of the gel must 
obviously be compensated by an equal and opposite pressure acting 
in the solid phase, because the system is supposed to be in a state of 
equilibrium, which involves that, for every ideal cross-section of the 
system, the sum of the internal forces must be equal to zero. ' If we 
reduce the tension P in the water to zero, by freely admitting the 
water through a semi-permeable membrane, while at the same time 
preventing the expansion of the gel, the gel exerts against the con¬ 
straining obstacle a swelling pressure. This swelling pressure is equal 
to the pressure under which the gel stood, before the water was ad¬ 
mitted, and this pressure in turn is equal to the total tension which 
previously existed in the water. These statements strictly represent 
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the mechanical meaning of Freundlich’s computation. However, in 
drawing his final conclusions, Freundlich assumed that the tension in 
the water acted over the whole cross-section of the gel, while in fact 
it acted only over part of it. In order to consider this fact, we have 
to proceed in a manner similar to that which we would use to compute 
the swelling pressure of a compressible, porous body of the type rep¬ 
resented in Figure 2. Since the voids of this body are supposed to 



Fig. 2. 

communicate with each other, the menisci will have, in every one of 
the openings, the same radius of curvature, corresponding to a vapor 
pressure h and to a tension P in the water. 

Let F be the total area of a cross-section AA of the body, 

Fi the total area of the cross-section of the voids of the body 
in the same plane AA, 

F 2 =zF —Fi the area of the cross-section of the solid part of 
the body in the same plane. 

The total tension acting in the water along the plane AA is equal to 
F X F,. 

If we reduce the tension in the water to zero, at the same time 
preventing a corresponding elastic expansion of the porous body, this 
body will exert a total swelling pressure equal to F X Fi, or of 

Fi 

Fi = F X per unit of area. (4) 

F 

However an investigation of the correction factor for clays seems to 
have shown, that the correction factor is very small, even for high con- 
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centrations. Hence the correction can account only for a small part 
of the difference. As a matter of fact, there is still another and more 
important point in Formula 1, which seems to be open to objection. In 
deriving this formula, it was assumed that the specific volume of the 
liquid in the gel was identical with the specific volume of ordinary water, 
and the investigations of W. D. Harkins ^ leave no more doubt that it 
is considerably smaller. This fact invalidates the assumption on which 
the formula was based. In addition, it leads one to suspect that, for gels 
with very narrow openings, the lowering of the vapor pressure not 
merely indicates the presence of a mechanical stress in the liquid, but 
that it also expresses an alteration of the molecular state of the uKiter. 
Further discussion of the vapor pressure formula will lead to similar 
conclusions. 


Vapor Pressure and Size of Micropores of Gels. 

Before proceeding to a discussion of the vapor pressure formula, 
some remarks should be made concerning the probable width of the 
micropores of the gels. 

In 1914 J. S. Anderson published a formula which expresses 
the relation between the vapor pressure and the radius of micropores. 
Since then the formula has been assimilated into many textbooks on 
capillary chemistry. It gives remarkably small values for the diameter 
d of the voids of gels (e.g., for Silica gels at the point of “change 
of color*'; the voids filled with water, d = 5.492 [xp; with alcohol. 

5.174 with Benzol, rf = 5.980 pp. For the lower point of 
transition, d = 2.752, 2.424 and 2.702 \i\i respectively. However, 
Anderson’s formula is based on the assumption that the lowering of 
the vapor pressure merely expresses the presence of a tension in the 
liquid and that the physical properties of the liquid contained in the 
voids, particularly the surface-tension, are normal. 

In contradiction of this, as a result of an investigation of the 
physical properties of clays I Avas led to the conclusion that both the 
surface tension and the viscosity of the water contained in the voids 
of very fine-grained powders are greater than in normal water, the dis¬ 
crepancy rapidly increasing with decreasing size of the voids. For 
the viscosity of water in narrow openings I derived the empirical 
formula 

, 6.02.10-^^\ /, , 2.42X10'^®\ 

Vo'=Vo\^l-{ -p- +^ -j (5) 

*/. Am. Chem. Soc., 43. 1787 (1921). ' 

“Z. physik. Chem., 88, 1914 (1914). 

« Z. angew, Mathem. und Meek., 4, 107-113 (1924). 
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wherein z^o = the viscosity of nonnal water at room temperature in 
absolute units, 

Vq'’ = the viscosity of the water in a slit with a width 2s (in 
cm.) at the same temperature. 

Since this formula was published I learned of the important obser¬ 
vations made by W. D. Harkins^ concerning the density of liquids 
contained in the micropores of gels. According to the statements of 
Harkins the density of water contained in the voids of charcoal is of 
the order 1:0.75 = 1.33, corresponding to the density of water under 
a pressure of more than 20,000 atmospheres. The density in turn 
is intimately connected with surface tension. With the present state 
of our knowledge it is not possible accurately to compute the increase 
in surface tension due to this increase in density. This is particularly 
true because we have as yet no clear conception of the molecular state 
of the adsorbed liquid. However, to get some idea of the order of 
magnitude of this injPluence, we may first apply a formula, derived by 
R. O. Herzog® from Van der Waals’ equation, but valid for non- 
associated liquids only. Let 

V be the specific volume of the liquid, 

Tjs the critical temperature (absolute), 

T any Temperature, 

a and b the constants in Van der Waals^ equation, 

A and B two other' empirical constants, and 
t the surface tension of the liquid. 

According to Avenarius, the equation 

= a — b In (Tjc — T) 

should be valid within very wide limits. For the surface tension Van 
der Waals has derived the equation 

Combining these two terms, we obtain 

lnt + ^v = lnA+~ — BlnTH. 
b b 

B OfB 

By substituting — = r and In A + -j5 Ig Tfc =: s, both quan¬ 

tities r and ^ being independent of the temperature, we obtain 

\nt + rv = s (6) 

Am. Chem. Soc., 4S 1787-1802 (1021), 

•Z. Elektrochem., 14, 830 (1908), 
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or for water, computed from the densities at 4® and 80° respectively, 

In t “j~ S.ZQv ~ 12.62. 

Introducing into the equation the value for v of adsorbed water 
computed by Harkins, we obtain 


In ^ +8.29X0.75 = 12.62 
or 

t z= 600 D3mes, 


a value which is eight times greater than the value of the surface ten¬ 
sion at room temperature. This calculation obviously is based on 
the assumption that the decrease in the specific volume was caused by 
lowering the temperature at constant pressure. As a matter of fact, 
for reasons which will be presented later, we are inclined to believe 
that the molecular state of the adsorbed layer resembles much more a 
state produced by undercooling than a state produced by high pressure. 

If, on the other hand, we assume that the increase in density is 
due to raising the pressure at constant temperature we can, as a first 
approximation, assume that the surface tension is proportional to the 
total internal pressure, i.e., to the intrinsic pressure pQ at normal 
temperature plus the external pressure />. According to Van der 
Waals’ equation, the value po should be of the order 11000 atmospheres, 
while the value p is according to Harkins equal to or bigger than 20000 
atmospheres. Hence 


t = to 


P'^ Po 
Po 


toX 


31000 __ 

11000 " 


2.82 ^0. 


(7) 


So that in this case, the surface tension should be about three times 
greater than the normal value of the surface tension. 

As a result of these computations we can hardly avoid the con¬ 
clusion that the surface tension of the water contained in the micropores 
of the gel is considerably greater than the normal value of this ten¬ 
sion. In addition, we shall find later on that the lowering of the 
vapor-pressure seems to be due not only to the tension in the liquid 
but also to a change in the molecular state of the liquid. As a conse¬ 
quence, it is very probable that Anderson’s formula furnishes for the 
diameter of the voids of gels values which are considerably too small. 


Harkins Pressure Hypothesis. 

Reference has been made to the investigations of W. D. Harkins. 
These investigations have furnished conclusive proof that the density 
of liquids contained in the voids of gels is considerably greater than 
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the density of the same liquids if contained in maci*opores. The 
increase in density due to adsorption was found to be remarkably 
proportional to the compressibility of these liquids. Based on these 
facts, Mr. Harkins concluded that the adsorbed liquid exists under 
pressures of more than 20000 atmospheres. 

The discovery of Mr. Harkins undoubtedly represents one of the 
most important steps towards a fuller understanding of the nature 
of the process of adsorption. However, the conclusions derived from 
the results of the observations seem to be somewhat in contradiction 
with two well established facts: 



Fig. 3. 


The first one concerns the range of molecular attraction. High 
pressure in the adsorbed liquid could not possibly be produced ex¬ 
cept by intense molecular attraction by the molecules of the solid, an 
attraction acting over a distance many times greater than the diameter 
of the molecule. Thus far neither the investigations of molecular 
interaction between the molecules of gases nor those concerning their 
interaction in solids furnish any evidence for the existence of such 
forces. On the contrary, all the results tend to demonstrate that 
the molecular attraction is limited to a sphere whose radius hardly 
exceeds the diameter of the molecule. Hence the diameter of the 
sphere of intense attraction is very small if compared with the values 
furnished by Anderson’s formula for the diameter of the voids and 
it was pointed out that even these values may be considerably smaller 
than the true ones. 

The second fact which seems to be incompatible with Harkins’ 
h}q)othe£is concerns the state of stress existing in the liquid. The 
lowering of the 'V’apor pressure indicates according to formula (3) a 
feiman in the liquid. In a gel with narrow voids, where the increase 
in density extends across the whole cross-section of the voids, the 
intense corresponding pressure should produce a marked increase in 
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the vapor pressure. To illustrate the physical consequences of Har¬ 
kins’ hyi)Othesis, I propose the following analogy: 

In h'igure 3 the two plates A and L> represent the solid phase of 
the geh the springs provide the elastic resistance of the gel against 
the reduction of the volume of voids by pressure (external or internal 
pressure). The liquid phase is enclosed between the two plates and, 
within a zone of the thickness A, it is supposed to be intensely at¬ 
tracted by the material of the plates. Hence, on account of this 
attraction, each one of the plates will be surrounded by a layer of 
thoroughly compressed liquid, and the attraction between the plates 
will be due to the surface tension of the non-compressed liquid between 
the compressed layers. The cross-section of this body of non-com¬ 
pressed liquid is called C and is indicated in the figure by a blank 
space. If the liquid evaporates, the area C becomes smaller and smaller 
until it finally disappears. The disappearance of the area C is accom¬ 
panied by that of the menisci, hence, on further evaporation, the attrac¬ 
tion between the plates A and B could not possibly be due to any 
force other than the attraction of plates A and B across the space 
occupied by the compressed liquid. At the same time the vapor- 
pressure should increase rapidly and, according to equation 3, it should 
finally reach phantastic values. It does not seem that such a concep¬ 
tion of the interaction between the solid and the liquid phases agrees 
with the observed facts. 

Finally it must be mentioned that the Harkins hypothesis does 
not agree with the results of my observations concerning the per¬ 
meability of clays. An increase in pressure at constant temperature 
produces a decrcase m the viscosity of water, while the results of my 
permeability tests clearly indicate that the viscosity rapidly increases 
with increasing density of the porous body, as soon as the diameter 
of the voids becomes smaller than about 100 pp. 

Since on the other hand, Harkins’ experiments have conclusively 
demonstrated that the adsorption process is associated with an im¬ 
portant increase in density of the liquid phase, we are obliged to search 
for another explanation of the phenomenon. 


The ‘‘Adsorbed Layer” as a Zone of Forced Vibrations. 

According to the kinetic theory of heat developed by Debye, Kar- 
man and Bom, the internal energy of a substance, at a given tempera¬ 
ture, can be represented by a vibration-spectrum. The density of the 
lines of this spectrum indicates the frequency of the different types 
of vibrations. The solid and liquid phases of gels represent two 
substances which, at equal temperatures, undoubtedly have fuhda- 
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Fig. 4. 
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mentally different vibration spectra. However, at the boundary, the 
two substances are chained together by mutual molecular attraction, 
i.e., at least one layer of molecules of the liquid is forced to vibrate 
more or less in harmony with the solid. The effect thereof on the 
state of vibration of the liquid phase cannot yet be analyzed mathe¬ 
matically. However, its nature can be explained by means of tlie 
analogy represented in Figure 4. This figure shows three series of 
pendulums. Each pendulum of the two outer sets is supposed to 
have a mass nii and a number of oscillations ni. The corresponding 
data for the pendulums of the middle set are nn and It is in 
addition assumed that each one of the swinging mass points strongly 
attracts all the other ones if they are located within a circle with a 
radios r. This radius corresponds to the range of molecular attrac¬ 
tion. The distance between the paths of the oscillating points repre¬ 
sents the average distance between the molecules. In their totality, 
the three systems of peihdulums represent a crude analogy to a layer 
of liquid with a thickness d, enclosed between two solids. 

Let us suppose first, that each one of the three sets of pendulums 
would be independent of the other ones, i.e., that there be no attrac¬ 
tion between the mass points mx and nh, while the attraction of the 
mass points among the members of each group subsists. This assump¬ 
tion corresponds to the case, that the liquid does not wet the solid. 
If we simultaneously impart to each one of the masses a definite 
amount of kinetic energy, the members of each series of pendulums 
will perform simultaneous and identical oscillations, in spite of their 
mutual attraction. The oscillations of the mass points nh. would be 
limited by the straight lines BxBx and B 2 B 2 respectively, those of the 
mass points m 2 by the straight lines AiAx and A 2 A 2 respectively. Hence 
if the liquid does not wet the solid we would predict that the pres¬ 
ence of the solid phase would produce neither a marked change m 
density nor in viscosity of the liquid phase. 

However, if the liquid wets the solid, i.e., if the mass points mz 
attracted not only each other but also the mass points mi, this at¬ 
traction. will influence the oscillations of the pendulums of the middle 
set over a range many times greater than the radius r of molecular 
attraction and the oscillations of the mass points of the middle set 
will be confined to the space located between the two dotted curves Ci 
and Cz, Figure 4. 

In a two phase system in which the liquid wets the - solid, the 
molecules of the liquid correspond to the mass points mz in Figure 4, 
tending to move at a given temperature through far wider spaces 
than the molecules of the solid at the same temperature. Hence the 
disturbing effect of the solid phase should be siihilar to the one pro¬ 
duced by lowering the temperature, i.e., ^of undercooling the liquid. 
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Consequent upon the phenomenon thus described, the density of the 
liquid increases, in harmony with Harkins’ results, over a layer many 
times thicker than the range of molecular attraction of the molecules 
of the solid. jMechanically, this liquid can be in a state of tension, 
which agrees with the results of the vapor pressure observations. 
And the viscosit}’’ of the liquid would be considerably greater than 
the normal viscosity. Let 

Vo be the normal viscosity of the liquid at a temperature #o, at a pres¬ 
sure pQ and at a specific volume of the liquid Fo, 

V the viscosity of the liquid at a specific volume F < Fo^ at a tem¬ 
perature to and' at a pressure p > />o, and 

v' the viscosity of the liquid at a specific volume F < Fo, at a tem¬ 
perature t < to and at a pressure po. 

If the decrease of the specific volume of the liquid from Fo down 
to F was due to increasing the pressure (first case, viscosity v), the 
viscosity would be 

z= X (1 — 170.10"®/)), which < Vq, 

If on the other hand, the specific volume was decreased by under¬ 
cooling the liquid, as we assume (second case, viscosity v'), the viscosity 
would be 

r' = 7.338 X ^ -^2^619 ’ ^ 

rapidly increasing with decreasing temperature. 

Hence the conception of the adsorbed layer as a layer of forced 
vibrations, with a molecular structure similar to the one of an under- 
cooled liquid, seems thus far to agree with all the observed facts. 


Vapor Pressure, Heat of Swelling and Free Energy of Gels. 


If a dry gel adsorbs a quantity of 1 gram of water per 1 gram 
of dn- matter, a quantity IF of heat is liberated. This quantity shall 
be called the “integral heat of swelling.’* According to Katz ® the 
relation between i and IV can be expressed by the empirical formula 


; V = —-—; where A and B are constants cliaracteristic for the gel. 

B A- ^ 

The first derivative of W: 


AB 

{B+iy 


is called the “differential heat of swelling** and indicates the quantity 


^ Kollaidckem. Beihefte, 19, 1-182 (1918). 
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of heat which is developed if a gel with a water content i adsorbs 1 
gram of water. Let 

/zi and h 2 be the vapor pressures of a gel with water contents of ii 
and 12 respectively, 

and Wo the differential heat of swelling of the same gel, at a 
water content of ii and h respectively, 

M the molecular weight of the liquid phase, 

Vo the specific volume of the liquid phase, 

T the absolute temperature, and 
R the gas constant. 

If the water content of the gel increases from h to 4 by swelling 
without the free expansion of the gel being restricted, the quantity 
of heat liberated must be equal to the change in energy of the system, or 


Wi — W2 


RT h 

MVo h2 


( 8 ) 


If the gel merely represented a compressible capillary system (com¬ 
pressible body with macro-pores), the change in energy expressed by 
formula (8) could be demonstrated by using the model Figure 5, 
This figure shows a system of compressible capillary tubes, with water 
contents ii and 4 per gram of solid. The vapor pressures corre¬ 
sponding to the water contents h and io are determined by the curva¬ 
ture of the menisci, i.e., by the tension in the water, and are called 
hi and Ih respectively. The right hand side of equation (8) repre¬ 
sents, according to formula (3), the difference Pi — Pg of the ten¬ 
sions acting in the capillary water of the systems I and II. These 
tensions could be measured by using the Odometer method. This 
method simply consists in introducing the system into the Odometer 
cell, immersing.the cell in water, and measuring the pressure exerted 
by the gel. 

On the other hand, if the system be allowed to expand freely, 
while passing from the state I into the state II, the water is soaked 
into the capillary tubes on account of the elastic expansion of the 
tubes. In a similar manner a sponge takes up water if it is allowed 
to expand in a vessel filled with water. The work performed during 
the process of expansion is completely converted into heat, provided 
the tubes are so narrow that the flow proceeds slowly. Otherwise, 
part of the energy will be converted into elastic vibi^tions. If we 
admit to the s 3 ^stem Figure 5 a quantity of water of 1 gram while 
it is in the states I and II respectively, without interfering with free 
expansion, the energy of expansion turned into heat, due to liquid fric¬ 
tion is, according to the laws of hydrodynamics, equal to Pi and P 2 
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respectively. Hence, the difference in internal energy corresponding to 
the states I and II of the system is equal to 

P^ — P., 

which in turn is equal to the change in free energy of the system. 
Due to this fact, the internal energy can be converted wholly into 

MECHANICS OF ADSORPTION 




ia 

ha 

Pa 


external work. In practice, this conversion could be performed by 
artificially reducing the speed of expansion, that means by restricting 
the free expansion by an external pressure PY somewhat smaller than 
the swelling pressure. The lower the speed of expansion, the smaller 
is the amount of energy used up by liquid friction and the balance 
performs external work against the pressure PY- 

As a matter of fact, according to the figures published by Freund- 
lich^® the agreement between the values obtained by Calorimeter tests 
and the corresponding values computed from the results of vapor pres- 

»«KapiUarchemie” (2), 939 (1922), Table 178. 



THE MECHANICS OF ADSORPTION 


73 


sure observations by means of formula ( 1 ) is quite remarkable. 
Even more surprising is the following fact: the heat of swelling of a 
system of the type shown in Figure 5 has nothing whatsoever to do 
with the interaction between the liquid and the solid mthin the system. 
The acting forces are strictly confined to the boundary between the 
free surface of the water and the solid phase, i.e., to the external 
surface formed by the menisci, and the heat of swelling of such a 
system is merely due to liquid friction associated with the flow. In 
spite of this, there exists, according to Katz,^^ an almost constant 
relation between the heat of swelling and the volume contraction of 
the system, the latter being exclusively due to molecular interaction 
within the system. In addition to this, it was found that the rela¬ 
tion between the heat of swelling and the water content of a gel 
is almost the same as the one which exists between the water content 
of liquids such as H 2 SO 4 and others, and the corresponding heat of 
mixing. In other words, there exists an intimate physico-chemical 
relationship between gels and solutions, a relationship which cannot 
possibly be accounted for by the factors which determine the heat of 
swelling of the capillary system Figure 5. 

This relationship would remain utterly incomprehensive if the 
swelling pressures of gels measured by the Odometer method were 
really identical with those computed by means of the vapor pressure 
formula (1), However, Figure 1 has suggested already, that these 
pressures may be very different and that they follow different laws. 
This discrepancy has a singular significance, if compared with the 
results of certain of my own tests performed with coarse grained 
sands, by using a method which in every respect corresponds to the 
Odometer method for measuring the swelling pressure of gels. The 
sand, confined within a steel ring, was first put under pressure. Then 
the pressure was gradually released. By plotting graphically the re¬ 
sults of the observations, curves which represented the relation be¬ 
tween the pressure Q and the corresponding expansion e of the sand 
were obtained. From these curves I derived the empirical relationship 



( 9)12 


In this formula e denotes the ratio between the volume of the 


voids and the volume occupied by the grains (voids ratio) ; .^4 is a 
constant, whose value ranges between the limits 0.0057 and 0 . 01 , de- 

.de 

pending on the nature of the sand. The ratio represents the 


reciprocal value of the modulus of elasticity at lateral confinement. 


^ Kolloidcham, BeihefU, 19, 1-182 (1918). 
“Tewaghi, Erdbaumeclienik. Wien (1925). 
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On the other hand, by analyzing the refults of many Odometer tests, 
H. Freundlich and E. Posnjak derived the empirical formula (2) : 

Q = Qoc^ 

wherein c indicates the concentration of the gel (grams of dry matter 
per 1000 cc. of dry matter + liquid) ; Qo and k are constants. Between 
the concentration c and the voids ratio e, exists the relation 


1000 ^ 

^“r+7’ 

wherein s = specific gravity of the dry gel. Hence 

Q = Qo X 1000*= X X TT^-u 

(1 + 0 * 

and 

de _ 1 + g £ 

dQ~ r~ Q* 


( 10 ) 


The coefficient A in formula (9) corresponds to the coefficient 
I JL e 

—-— in formula (10) and its value indicates the relative intensity 
k 

of expansion at a given pressure. For sand this value varied from 
0.0057 to 0.01, and for clays it ranged between 0.019 and 0.045 (very 

fat clays). The value of - for Posnjak’s elastic gels ranged between 

k 


0.242 and 0.402, On account of the small intensity of swelling of 
the soils which I have investigated, the value I e changed very little 
during the process of expansion. For tliis reason, and in addition 
on account of the importance of the hysteresis effects associated with 

dc 

the swelling of soils, the effect of e on the value of was smaller 

dQ 

than the possible error of observation, and escaped being noticed. 
Hence, there seems to be little doubt about the identity of the terms 
(9) and (10). Formula (9) corresponds to Hookes law for solid 
bodies and describes the elastic properties of accumulations of grains. 
For this reason it seems that Freundlich’s formula (2) merely ex¬ 
presses the elastic properties of the solid phase of the gels, a prop¬ 
erty which is wholly independent of the molecular interaction between 
the liquid and solid phases. If one could succeed in freeing the solid 
phase completely from every trace of adsorbed material, without a 
simultaneous shrinkage of the gel, the elastic properties of the skeleton 
thus obtained should conform to the formula (10). The only reason 
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why this test cannot be realized in practice is because of the impos¬ 
sibility of completely evaporating the water contained in micropores. 

Thus the cause of the discrepancy between the results of the 
Odometer tests and those furnished by the vapor pressure formula 
seems gradually to emerge from the facts. It seems that the lowering 
of the vapor pressure is due not to a single cause, but to tw’o essen¬ 
tially different causes: 

(A) the tension P' in the liquid, and 

(B) a change P" in the molecular energy of the liquid, or that 

The part P' corresponds to the capillary (macromechanical) part 
of the swelling process. According to formula (3) it is due to the ten¬ 
sion in the liquid and produces the swelling pressure measured by the 
Odometer, after the cell is immersed in the water, which reduces the 
tension in the water to zero. This swelling pressure is merely due to 
the elastic expansion of the solid phase, previously held under com¬ 
pression by the surface tension of the water. This purely mechanical 
swelling pressure represents the “free energy’’ of the system and can 
be entirely converted into mechanical work. The heat developed in 
connection with a change in free energy with unrestricted expansion is 
exclusively due to liquid friction associated with the flow of water from 
the surface towards the interior, while the gel expands. 

The part F" of the total energy corresponds to the molecular- 
mechanical part of the adsorption process. A change P'\ — P"o indi¬ 
cates a change in the internal energy of the liquid which enters the gel, 
while the gel passes from a state I into a state IL This change is ap" 
parently due to the free vibrations of the molecules of the liquid being 
reduced to forced ones with a considerably smaller intensity. Since 
P"i — P "2 is due to a change in the dissipated energy of the liquid 
phase, it can neither be converted into external work nor can it be de¬ 
tected by means of an Odometer test. It can merely be deduced from 
the results of vapor pressure observations or computed from the 
measured value of the heat of swelling. 

Thus, we are led to suspect that the process of adsorption repre- 
,sents the combined result of two essentially different processes: A 
macromeclianical one, representing the manifestation of the free energy 
of the system, governed by the laws of ordinary capillary action, and 
a molecular-mechanical one, disclosing the dissipated energy of the 
system, governed by the laws of molecular interaction. Figure 6 rep¬ 
resents this conception graphically^ on an exaggerated scale. In this 
diagram the ordinates represent the water content i in grams per gram 
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of dry gel. The abscissae of the curve C' represent the pressures 
determined by Freundlich's formula (2), which can be measured by 
means of an Odometer, and those of the curve C the pressures com¬ 
puted from the resjults of vapor pressure observations. At high water 
contents the voids of the gel are wide. The space occupied by the 
“layers of forced vibrations'* are negligible if compared with the total 



0' —. Free Energy, oorapnted from swelling pressure 
0 "*** To'tSil ISnorgy, coinputiad from vapor prsasuro 

Fig. 6. 

volume of the liquid and, as a consequence, the quantity P" in formula 
(11) is negligible if compared with P'. Hence the upper parts of the 
curves C' and C in Figure 6 are practically identical, and the properties 
of the gels are governed by the laws of ordinary capillary action. On 
the other hand, at high concentration of the gel, P' becomes negligible 
if compared with P". The heat of swelling, at such concentrations, is 
almost exclusively due not to liquid, friction, but to a change in molecu-, 
lar energy, which in turn shows itself in a change in density of the 
liquid. This seems to be the reason of the close relationship between 
the properties of concentrated gels and of solutions. 

For the purpose of checking the conceptions'presented in this paper, 
tests are being made by the author in cooperation with the department 
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of Qiemical Engineering of the Massachusetts Institute of Technology. 
Thus far the tests have furnished the following results concerning gela¬ 
tine: Freundlich's equation (2) describes the relation between the con¬ 
centration and the swelling pressure with great accuracy up to the 
maximum swelling pressure measured with the Odometer (52 kg. per 
cm.^). Under a pressure of 52 kg. per cm.^ exerted by the piston of 
the Odometer, the concentration of the gelatine was 850. For concen¬ 
trations of 980 and 1010 the swelling pressures should be, according to 
Freundlich’s formula, equal to 95 and 110 kg. per cm.^ respectively. 
The vapor pressure formula furnished, for the same concentrations, the 
values 222 and 450 kg. per cm^. Hence the term (10) would be, for 
these two concentrations, P' P" zn 95 -f* 127 and 110 + 340, respec¬ 
tively. The tests are still being continued. 


Analogy Between Gels and Solutions. 

Let W be the heat in calories, liberated, if a dry gel adsorbs i gram 
of water per gram of dry matter, or if 1 gram of a pure liquid (H 2 SO 4 , 
etc.) is mixed with i gram of water per gram of solvent, and C the 
volume contraction in cc. associated with these processes. 

C 

According to Katz, the value of the ratio — ranges between the 
following limits : 

C 

For gels — = 10 to 32 X 10^- 

\¥ 

C 

For true solutions, — = 11 to 25 X 10^- 
W 

The close agreement between these values is obvious, and consider¬ 
ing the fact that they refer to two fundamentally different systems, 
certainly is striking. However, it seems to be explained by the assump¬ 
tion expressed by formula (11) and by what is shown in Figure 6 . 
Neither the heat of swelling nor the volume Contraction can be deter¬ 
mined except for gels with a high concentration, because at low con¬ 
centrations these quantities are too small to be measured. At high 
concentrations, P' in formula (11) (the mechanical part of the cause 
of the lowering of the vapor pressure) becomes negligible if compared 
with P". P", the factor which expresses the change in the molecular 
state of the adsorbed liquid, dominates, and this factor is physically 
identical with what causes the lowering of the vapor pressure and the 
heat of mixing for solutions. 

This analogy calls our attention to another relation which seems to 
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exist between gels and solutions, i.e., the relation between the swelling 
pressure and the osmotic pressure. Let 

h and hi be the vapor pressure of the pure liquid and of the solu¬ 
tion respectively, 


Vo the specific volume of the solution, 

M the molecular weight, 

T the absolute temperature of the solution, 

R the gas constant, and 
P the osmotic pressure. 

Between these quantities exists the known relation 



h 

h 


( 12 ) 


This equation is identical with the equation (1), that means, if P 
in equation (1) were identical with the swelling pressure measured with 
the Odometer, osmotic pressure and swelling pressure should be iden¬ 
tical. It is surprising to notice that the identity of these formulas was 
known; the essential difference which exists between the osmotic 
pressure and the swelling pressure was also known. Nevertheless, it 
was believed that P in formula (1) represented the swelling pressure. 

If we apply to the case of the osmotic pressure the conception pre¬ 
sented in this paper concerning the physical character of the adsorption 
process, we would have to give to the facts the following interpretation : 

In the general equation (11) 


RT 

MV, 


lnh = P' +P" 


P' is the swelling pressure which represents the equivalent of the ten¬ 
sion in the liquid, produced by the surface tension at the boundary 
gas-liquid-solid. P" represents the change in internal energy. The 
smaller the voids, the smaller is P' in comparison with P'\ For true 
solutions P' becomes equal to zero, because due to the absence of voids 
no more capillary phenomena exist, and P" represents the osmotic 
pressure, while the swelling pressure P' strictly follows the law of the 
compression of coarse mechanical capillary systems. The swelling pres¬ 
sure P' as measured by the Odometer method seems to hc^ve nothing in 
common imtk the molecular part of the adsorption phenomenon, 

^Massachusetts Institute of Technology, 

Cambridge, Mass. 



SPECIFIC ION EFFECTS IN THE BEHAVIOR OF TANNING 
AGENTS TOWARD COLLAGEN TREATED WITH NEU¬ 
TRAL SALTS 


By K. H. Gustavson 


The action of neutral salts upon proteins is a problem of great 
physiological importance and our knowledge in this field has been 
largely enriched by the physiological chemists. This question has also 
an important practical application in the manufacture of leather, par¬ 
ticularly in the preparation of skins for tanning. This investigation 
deals with the behavior of the hide protein, collagen, treated with equi¬ 
molar solutions of neutral salts toward the most important classes of 
tanning agents, the vegetable tannins and the chromium and aluminum 
salts. 

Hofmeister’s ^ classical researches in regard to the swelling and 
coagulating effects of a number of inorganic salts upon several proteins 
originated the well known ion series bearing his name. He found that 
the relative effectiveness of the salts in these respects could be arranged 
in nearly the same order for the several proteins investigated. The 
anions formed the series: sulfate, citrate, tartrate, chloride, chlorate, 
nitrate, bromide, iodide, and thiocyanate, where the coagulating effect 
decreases wdth descendence of the series but the swelling and peptiza¬ 
tion increase in the above order. These observations apply only to a 
neutral or slightly alkaline reaction of the proteins and their solutions 
as it was found later that the order is reversed in acidic medium.® 
Later, several workers, foremost among them Wolfgang Pauli,® have 
confirmed these findings. The reversal of the anion series brought 
about by a change in reaction served to indicate that the experimental 
conditions were of great significance for the behavior of the protein 
and the controlling factors of pH and of the purity of the protein 
have now long been established. It was therefore near to hand to 
suspect that the Hofmeister series were only fictitious and produced 
by lack of control of these factors, the importance of which was not 
realized at the time of the pioneering investigations. Loeb^ in his 
well known and elaborate investigations came to the conclusion that the 


^pmger^s Arch., 24, 247 (1888); 26, 1 (1889); 27, 396 (1890); 28, 210 (1891). 

* Posternak, Ann. de VInstit. Pasteur, 15, 85 (1901); cited from Freundlich’s ‘*Kapillar- 
chemie.*’ 


•Pauli, parget's Arch,, 71, 333 (1898); Beitr. physiol, path, Chem., 3, 226 (1903). 
• “Proteins and the Theory of Colloidal Behavior,” 65-111 (1922). 
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Hofmeister series is not valid but that the so-called lyotropic effect 
is produced by the change in pH by the added salts. No specific ion 
effect was noticeable at constant pH values for isoelectric protein as 
material in case of salts of the same valency type. His observations 
were readily explained from the ionic concept of protein reactions and 
by the application of the Donnan membrane equilibrium to protein 
systems, as first pointed out by Procter and Wilson ® in their classical 
researches of the acid-gelatin equilibrium. The action of neutral salts 
upon protein solutions and proteins in the isoelectric state in regard to 
coagulation and peptization, could however not be explained by ‘*the 
concept of colloidal behavior” and Loeb admitted that in this case, the 
determining factor is probably an indirect effect due to secondary 
valency action between protein and solvent. 

Loeb's categorical denial of the existence of a specific ion effect in 
general has been criticized as his observations were carried out in dilute 
solutions where the effect of H- and OH-ions predominates and where 
the result therefore will be according to the valency rule. Such a dual 
nature of the action of neutral salt has been amply illustrated by 
Michaelis,® who found that the flocculating effect of neutral salts upon 
serum albumin increases in order: CNS > I > Br > Cl > SO 4 , in salt 
concentrations from 0.1 to O.S normal. This order is reversed in higher 
concentrations than one-normal and the sulfate shows now the greatest 
flocculating power. Similar results were obtained in a study of the 
swelling of agar as influenced by neutral salts, where the lyotropic 
nature was e\ndent only in high salt concentrations. Michaelis con¬ 
siders that the neutral salt action in dilute solutions is largely due 
to electro-static influence of the adsorbed ions, where accordingly, the 
sign of charge and the \'alency rule will be the governing factors. The 
lyotropic nature of the salt solutions is however more prominent in 
high concentrations, possibly due to a competition of the salt and the 
hydrophilic colloid for water. 

A satisfactory’ explanation of the neutral salt effect has however 
not yet been advanced and the final answer will probably not be given 
before the problem of activation of neutral salts in concentrated solu¬ 
tion and our knowledge of the structure of proteins have been further 
advanced. The important investigations carried out by Stiasny ^ and 
his pupils showed that the change in dispersity of gelatin solution by 
neutral salts, employing ashfree isoelectric material at a constant pH, 
follows the lyotropic series. The peptization of proteins by means of 
neutral salts has been explained by Hardy ® as a primary valency com¬ 
pound formation, the salt radicals combined with the nitrogenous 

«Procter. J. Chenu Soc.^ 106. 813 (1914); Procter and Wilson, ibid., 109, 307 (1916). 

* “The Effect of Ions in Colloidal Systems,” 82-103 (1925). 

’’Stiasny and Das Gupta, Collegium, 13 (1925); Stiasny, Das Gupta, and Tresser, ibid., 
23 (1925); Koltoid-Z., 36. 858 (1924), 

Physiol., S3. 261 (1905). 
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groups. This view can, however, not be upheld in the light of 
Pfeiffer’s® systematic work in regard to the neutral salt compounds 
with amino acids, polypeptides, and piperazines, which researches have 
clearly demonstrated the failure of the classic valency theory in this 
instance and they have instead definitely established the formed addition 
compounds to be of secondary valency nature. 

Thomas and Foster have contributed to the problem here in ques¬ 
tion in their study of the behavior of hide substance, in the form of hide 
powder, toward neutral halides and sulfates. The neutral halides were 
found to exert a destructive action upon hide powder, where, on the 
other hand sulfates were effective hide preservatives. The order of 
cations and anions were, in a general way, in concordance with the 
Hofmeister series. 

An explanation of this problem, based upon the modern concept of 
the structure of proteins and Pfeiffer’s previously mentioned funda¬ 
mental researches seems at the present to be most serviceable. The 
view of proteins as long-chained polypeptide structures of an extremely 
high molecular weight as promulgated by Emil Fischer’s classical in¬ 
vestigations has during the recent years been replaced by the concept 
of protein as consisting of simpler units of relatively low molecular 
weight, held together to a supermolecular structure by secondary 
valency, cohesion or similar forces. The organochemical view was 
inadequate in explaining the action of protease and a, number of col¬ 
loidal reactions. This new school of protein chemistry", whose advance¬ 
ment is intimately connected with the names of Stiasny, Herzog, 
Abderhalden and Bergmann, has received important experimental sub¬ 
stantiations by the X-ray diffraction diagram of proteins, the molecular 
weight determinations of the same in phenol and particularly by 
Bergmann’s synthesis of protein-like compounds from unsaturated 
diketo-piperazines, exhibiting marked affinity for tanning agents and 
dyestuffs, besides possessing the regular protein characteristics. The 
elementary cell of collagen from the X-ray diagram is reported, by 
Herzog and Gonnell to indicate a molecular weight of not more than 
685, which value shows an excellent agreement with that of 750 deduced 
by Wilson^® from the data on the acid-gelatin system. These units 
form the colloidal micelle of a considerable “molecular weight.” 

Pfeiffer has, prepared in crystalline form, a number of definite 
molecular compounds between halides and protein-prototypes, which 
physicochemical measurements showed to exist as complexes also in 
solution. The stability of these complexes followed in a general way 

• **Organische Molekulverbindungean,*’ Stuttgart, 106-124 (1028); where complete litera¬ 
ture references are given also. 

«/. Ind. Eng, Ckem., 17, 1162 (1925). 

Naturzvissenschaften, IS, 1046 (1925). 

68B, 2228 (1925). 

** Wilson, /. Am, Leather Chem, Assoc.^ 12, 108 (1917), 
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the Hofmeister series. The great tendency of halides to form such 
addition compounds by means of residual valency is probably one of 
the most important factors in the peptization of proteins and similar 
aggregated substances by salts. The internal forces between the pro¬ 
tein constituents are weakened by the partition of secondary valency 
forces to the neutral salt and a partial breaking up of the structure is 
the result. Sulfates do not form any such compounds and their action 
seems rather to be of the reverse nature tending to increase these in¬ 
ternal forces, associating the ultimate units, as judged from the 
behavior of liide substance treated with neutral sulfates toward certain 
tanning agents. Michaelis has found that neutral salt can displace 
the isoelectric point, which evidently shows that the same is not con¬ 
trolled only by the acidic and basic dissociation constants of the 
protein. The great divergency in reported isoelectric points of several 
proteins, e.g., gelatin and collagen, is also probably due to such sec¬ 
ondary valency elfect influenced by the previous history of the protein 
(chiefly alkaline and acid treatments) as evident from the work of 
Wo. Ostwald and his collaborators on gelatin. The neutral salt treat¬ 
ment of gelatin is not connected with any change in primary valency 
function of the gelatin as the primary amino-groups are left intact 
which is evidenced by the Sorensen formol value and the Van Slyke 
number remaining the same.^® From data to be presented in this paper, 
it is also indicated that the pretreatment with neutral salts does not 
involve primary valency forces, as the fixations of acids and alkalis by 
the various hide powder specimens were independent of the salt treat¬ 
ment. It is thus possible to prepare by treatment of hide substance 
with neutral salt, series of proteins of different degree of aggregation. 
The behavior of such treated hide substance toward tanning agents is 
expected to contribute to our knowledge of the theory of tanning. In 
light of the above considerations, the reactivity of a protein may be due 
to (1) primary valency action of the elementary units, (2) secondary 
valency, as corresponding to coordination compounds, (3) residual 
valency without any such numerical characteristics, to which cohesive 
forces also belong, corresponding to Langmuir s and Haber's concep¬ 
tion of adsorption. Any sharp demarcation between the three types can, 
however, not be drawn at the present status of the nature of valency 
and atomic structure. The neutral salt treatment does not concern 
the first category but changes in the second and third factors are pro¬ 
duced, It is therefore expected that- where a reaction by primary 
valency takes place the extent of combination must be independent of 
any such pretreatment, and, on the other hand, it is expected that a 
combination of tanning agents with hide substance by means of sec- 

«Ostwald, Kuhn, and Bohme, Kolloidchem, Beihefte, 20, 412 (1925). 

“ Stiaany, Das Gupta, and Tresser, Collegium, 24 (1925). 
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ondary valency or surface forces will be controlled by the state of the 
hide powder in regard to its degree of aggregation, specific surface and 
secondary valency capacity. 


Experimental. 

100 gram portions of collagen in form of Standard Hide Powder 
was treated with one liter of molar solutions of a number of neutral 
salts for 14 days at room temperature (20-22° C.). The salts were of 
€. P. grade and their pH values in the concentration used were in the 
range of 5.6 to 6.0. A layer of toluene served to check any biochemical 
action taking place. The treated hide powders were washed free from 
salts, dehydrated with 96 per cent alcohol and air-dried. The dry hide 
powder was then analyzed for moisture, ash and collagen. The ash 
content of the neutral salt treated hide powders did not in any instance 
appreciably exceed the value found for the blank, treated with water, 
which indicated a thorough washing of the hide powders. The amount 
of peptized hide substance was determined in the filtered solution by 
the Kjeldahl method and includes products of widely different dis- 
persities. Table I contains the percentages of peptized hide substance 
on the total amount of protein. The portions of hide powder soaked 
in solutions of CaClo, BaClo, KI and KCNS were in the wet state very 
sticky and showed after drying a blackish appearance. The destructive 
action was in these instances very pronounced. 

TABLE I 


Peptizaton of Hide Powder by Neutral Salts 
(14 days treatment) 


Nature of Salt 

Solution 

M Na-iSO* . 

“ NasSaO, . 

“ MgSO, . 

0.5 M KiS04 . 

HsO. 

M NaCl . 

“ KCl . 

“ MgCl. . 

“ KBr. 

‘‘ KI . 

“ BaCb . 

Per Cent Loss of Hide 
Substance 

. 1.8 

. 1.2 

. 1.6 

. 3.8 

. 4.9 

. 7.8 

. 7.0 

. 9.3 

. 14.4 

. 16.8 

. 14.8 

“ SrCb . 

. 21.1 

“ KCNS . 

. 24.2 

CaCh . 

. 31.9 


Increasing peptization for cations; Ca > Sr > Ba > Mg > Na, K. 
Increasing peptization for anions: CNS > I > Br > Cl > SO*, 
SaOs. 

















84 


COLLOID SYMPOSIUM MONOGRAPH 


Portions of hide powder equal to 3.00 grams of collagen were 
weighed into 500 cc. shaking bottles and 50 cc. H 2 O was added to 
secure complete hydration. An accurately measured- volume of solu¬ 
tions of tanning agent, generally in 200 cc. portions, was added after 
6 hours soaking of hide powder and the bottles rotated for 48 hours 
at 20 - 21 ° C. The vegetable tanned hide powder was washed with 
distilled water until negative gelatin-salt test for tannin and negative 
ferric chloride test for non-tannins were obtained and then dried. 
x\nalysis of moisture, ash and collagen was carried out for the vegetable 
tanned stock. The difference was taken as irreversibly combined 
tannin and the amount of the same combined with 100 grams of col¬ 
lagen stated. The amounts of Cr^Os and collagen were determined in 
the chrome tanned product. The amount of CroOa fixed by hide sub¬ 
stance is given in terms of grams Cr^Os combined with 100 grams of 
collagen. The H-ion concentration of the original solutions was ascer¬ 
tained electrometrically and these determinations also carried out in 
the solutions after finished interaction, where this was possible. Cata- 
phoresis observations were carried out in a modified Michaelis apparatus 
employing ]\I KCL solution. 


RESULTS 

I. The Acid Binding Capacity. 

Portions of hide powder equal to 1.80 grams collagen were treated 
under continuous shaking with 200 cc. portions of 0.01 N H 2 SO 4 for 
24 hours. Equilibrium was established within this time. The pH values 
of the equilibrium solutions were determined. 

TABLE II 


Hide Powder Treated with 

H*0 . 

M Na..S 04 . 

KCI . 

“ KBr . 

KNOa . 

“ KCNS . 

“ KI ... 

“ SrCU . 

“ CaCU . 


pH at Equilibrium 

2.62 

2.62 

2.62 

2.62 

2.62 

2.62 

2.62 

2,62 

... 2.62 


pH of 0.01 N H.SO* 2.06 


The same specimens of hide powder showed identical fiixative 
capacity, as measured by pH of external solution at equilibrium, in 
series with 0.1 N H 0 SO 4 and 0.01 N NaOH. 
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II. Vegetable Tanning. 

The use of hide powder without any previous soaking was found 
unsatisfactory. Rather strong tannin solutions had to be employed to 
secure an excess of tannin in the exhaust and overtanning of the surface 
of the dry hide powder occurred. This was particularly noticeable for 
the hide powders treated with solutions of CaCU, SrCl 2 , BaCL, KI and 
KCNS. Even when hydrated hide powder was employed in these 
instances a partial overtanning of the surface was evident and the 
values of the fixed tannins are therefore only semi-quantitative. The 


TABLE III 


Hemlock Extract 

45.0 grams per liter total solids. pH of original solution: 4.10. 


Grams Tannin 

Hide Powder Treated Combined with 100 

with pH of Exhaust Grams Collagen 

M Na.S04 . 4.40 40.1 

“ MgS04 . 4.40 42.1 

“ (NH*)aS04 . 4.41 49.8 

0.5 M K 2 SO 4 . 4.41 51.6 

HaO . 4.42 56.8 

M NaCl . 4.43 62.0 

“ KCl . 4.43 62.2 

KNO 3 . 4.43 59.3 

0,5 M KClOs . 4.43 61.6 

M MgCb . 4.44 63.2 

“ KBr . 4.44 65.4 

“ KI . 4.46 73.8 

“ KCNS . 80.4 

“ SrCU .;. 4.48 76.6 

BaCh . 4.48 80.3 

“ CaCh . 4.48 78.9 


TABLE IV 
Hemlock Extract 

22.5 grams per liter total solids (at pH 4.20). 

Grams Tannin Fixed by 100 Grams Collagen 
at pH at pH at pH at pH 
Hide Powder Treated with 2.40 4.20 7.15 8.^ 


M Na^SO, . 40.2 30.1 38.6 14.9 

HaO . 49.7 402 48.6 21.0 

M NaCl . 502 41.6 50.4 282 

“ KQ . 49.8 412 50.0 24.6 

« KBr . 54.0 44.1 51.6 27.5 

« KI . 59.2 452 592 30.9 

** KCNS . 612 44.8 60.4 31.8 

« BaCL . 5&7 47.0 582 31,5 

« CaCU . 58,4 47.8 60.8 32.8 
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tannin extracts employed were those of hemlock, sulfited quebracho 
and sumac. The findings were similar for all specimens and the data 
from the hemlock series are therefore only reported as the most ex¬ 
tensive investigation was carried out with this extract. 

The stock solution was decanted and filtered to remove the coarse 
suspended matter. The amount of total solids was determined in 
the original solution. Adjustment to different pH values was done by 
addition of N HQ and NaOH. 

In some preliminary experiments, the hide powder in 50 gram 
portions was soaked with 500 cc. of salt solutions and 0.2 cc. 40 per 
cent formaldehyde added to prevent putrefaction. Such treated hide 
powder gave on the whole the same series as here described, but a note¬ 
worthy exception in results was found for the NaaSO^-treated stock, 
which gave only about a third of the tannin fixation found for the 
blank. The values for fixed chromium in the chrome experiments with 
the hide powder treated with neutral sulfates were also considerably 
lower than those obtained by the toluene-preserved hide powder. 

III. Chrome Tanning. 

The basic sulfates and chlorides of chromium are the principal 
tanning agents employed in the manufacture of chrome leather. The 
composition of these compounds is here stated in the per cent acidity, 
i.e., the per cent of chromium combined with hydrolyzable acidic groups 
on the total amount of chromium. In practice, acidities from 50 to 
70 per cent are mostly encountered. Chromium exists in these salts 
principally as a positively charged complex and in the liquors here 
examined only a slight anodic migration was observed in solutions of 
acidities from about 50 to 60 per cent immediately after preparation, 
but the same ceased upon standing. The extremely basic salts (40-45 
per cent acid) exhibited a ver}’ pronounced anodic migration, of about 
the same magnitude as that of the cathodic, immediately after prepara¬ 
tion. The amount of electro-negative complexes decreased, however, 
very considerably upon standing in this case also, and after 3 to 4 weeks 
was hardly noticeable. More recent investigations have shown that 
certain negatively charged complexes possess a pronounced tanning 
action and it has been indicated that the reaction between anodic 
chromium and collagen is of definitely different character than the 
cathodic chrome tanning process.^® Sodium-oxalato-chromate and 
sulfito-compounds were therefore studied in order to test this asser¬ 
tion. Qiromium is present entirely in anodic form in both of these 
compounds. The question of the hydration of the hide powder is not 

wGustavson, 7. Am. Leather Chcm. Assoc., 21, 22 (1926). 
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of the same significance in these series as in the vegetable tanning, and 
any overtanning does not occur with use of dry hide powder except 
for extremely basic sulfate. The use of dry hide powder is therefore 
justified. 

TABLE V 

40.6 Per Cent Acid Chrome Liquor 

(Prepared by neutralization of a 63 per cent acid chromic sulfate with NaHCO#.) 
Concentration: 15.4 grams CraOa per liter. Diluted to this concentration 
immediately before the start of experiment. Cataphoresis: cathodic and 
anodic of about equal magnitude (2 grams hydrated hide powder* and 
200 cc. of solution). 


Hide Powder Treated with 

pH of Final 
Exhaust 

Grams CrtaOa 
Combined with 100 
Grams Collagen 

M NaaSO* . 

3.32 

1824 

Na-S^Oa . 

3.34 

21.02 

0.5 M KCIO, .;. 

3.34 

22.13 

HaO . 

3.35 

23.68 

M NH.C1 . 

3.34 

23.82 

“ KCl . 

3.34 

24.05 

“ NaCl . 

3.35 

2422 

MgCh . 

.. 3.35 

24.96 

“ KBr . 

3.36 

26.45 

KI . 

.. 3.37 

30.84 

KCNS . 

3.39 

32.16 

SrCb . 

3.36 

27.12 

“ BaQ. ••. 

3.36 

28.30 

“ CaCb . 

3.37 

29.84 

All weights of hide powders given in the 

tables are on collagen basis. 


TABLE VI 

45.8 Per Cent Acid Chrome Liquor 


(Prepared by adding NaHCOs to a 63 per cent acid chromic sulfate.) Concen¬ 
tration: 11.8 grams Cr^Os per liter. Diluted to this concentration immedi¬ 
ately before use. Considerable anodic migration. (2 grams dry hide powder 
-r 200 cc. solution.) 

Grams CrjOa 
Combined with 100 

Hide Powder Treated with Grams Collagen 



15.14 

18.00 

ia42 

18.23 

18.61 

19.48 


“ KI . 2126 

“ KCNS . 23.64 

SrCb . 20.76 

“ BaCI, . 21.11 

“ CaQa . 22.46 
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TABLE VII 

The Same Liquor But Four Weeks Old Solution 

Solution exhibited only a slight anodic migration. (2 grams of dry 
hide powder -f 200 cc. solution.) 

Grams CriOa 
Combined with 100 


Hide Powder Treated with 

M Na^SO^. 

HaO . 

M NaCl . 

“ MgCU . 

“ KBr . 

Grams of Collagen 

. 20.02 

. 20.37 

. 20.36 

. 20.41 

. 20.32 

“ KI . 

. 20.16 

“ KCNS . 

. 20.08 

“ SrCl, . 

. 20.32 

« BaCh . 

. 20.15 

“ CaCh . 

. 20.02 


The same liquor diluted immediately before use was also employed 
on hydrated hide powder and very similar differences in tanning fixa¬ 
tion by various hide powders as reported in Table VI were obtained, 
which e\idently shows that the results obtained are not due to the 
modt{s operand! employed. 


TABLE VIII 

63 Per Cent Acid Chrome Liquor 

Concentration: 14.0 grams CraOa per liter. Immediately diluted to this concen¬ 
tration before tanning. Only cathodic migration. (3 grams of hydrated hide 
powder + 200 cc. solution.) 


Hide Powder Treated with 

pH of Final 
Exhaust 

Grams CraOa 
Combined with 100 
Grams Collagen 

■M NaaSO* . 

2.95 

11.43 

HaO ... 

2.95 

11.56 

M NaCl . 

2.95 

11.52 

“ KQ . 

2.95 

11.58 

“ KBr . 

2.95 

11.46 

“ KI . 

2.95 

1123 

“ KCNS . 

2.94 

11.30 

“ SrCh . 

2.95 

11.52 

“ BaCU . 

2.94 

11.36 

" CaCh . 

2.94 

11.19 


Similar results were obtained by a five-weeks* old solution, employ¬ 
ing dry hide powder. 

The pure cathodic migration of the liquid used in the experiment 
cited in Table VIII was changed into a partial anodic by making the 
solution one-molar in NaoSO^. The behavior of this liquor towards 
^the highly peptized hide powders was now similar to that of the ex¬ 
tremely basic freshly prepared liquors, showing a relatively increased 
chrome fixation, compared to the blank, for the deaggregated hide 
powders. 
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TABLE IX 

A 63 per cent Acid Chrome Liquor was diluted immediately before the start 
of the experiment to contain 14.0 grams Cr^Oa per liter and Na*aSOi added 
to give one-molar concentration. 2 grams dry hide powder + 200 cc. solu¬ 
tion. Cathodic and anodic migration. Time: 28 hours. 


Per Cent CraOa 

Hide Powder Treated with on Dry Basis 

HaO . 2.00 

M Na2S04 .:. 2.06 

“ KBr . 2.27 

KCNS . 2.58 

“ SrCla . 2.42 . 

“ CaCL . 2.64 


TABLE X 

92 Per Cent Acid Chromic Sulfate 

Concentration: 13.1 grams CraOs per liter. Cathodic migration. 
(2 grams of dry hide powder + 200 cc. solution.) 


Grams CraO* 

pH of Final Combined with 100 
Hide Powder Treated with Exhaust Grams Collagen 

M NaaSO^ . 2.06 2.97 

HaO .•.. 2.06 3.02 

M NaCl .*. 2.06 2.98 

KI . 2.06 2.93 

KCNS . 2.06 2.98 

** BaCla . 2.06 3.04 

“ CaCla . 2.06 2.96 


The basic chromic chlorides have little tendency compared with 
sulfates to complex formation. A 69.8 per cent acid chromic chloride 
was investigated. 


TABLE XI 

69.8 Per Cent Acid Chromic Chloride 
Concentration: 12.95 grams CruOs per liter. Cathodic migration. 


(5 grams dry hide powder 4- 200 cc. solution.) 

Grams CraO* 

pH of Final Combined with 100 

Exhaust Grams Collagen 

2.69 5.08 

2.69 5.16 

2.69 5.13 

2.69 5J23 

2.69 5.16 

2.69 • 5.10 


Hide Powder Treated with 

M NaaS04 . 

HaO .. 

M NaCl . 

“ KCNS . 

BaCIa .■. 

“ CaCla .. 


The anodic chrome tanning agent sodium-oxalato-chromate, in 
solutions containing about 10 grams CrgOs per liter, possesses its 
greatest combining capacity with hide powder in the isoelectric range 
of collagen (pH 5.0-5.5).^^ This interesting finding indicates the sec¬ 
ondary valency nature of this reaction. 

« Gustavson, loc, eit. 
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TABLE XII 

A XODIC SoDIUM-OXxVLATO- C HRO M I ate 

Solutions were 6 months old and with established pH equilibrium. Concentra¬ 
tion: 12.5 grams CraOs per liter. pH of original solution: 4.97. Anodic 
migration. (2 grams of collagen as drj’ hide powder and 200 cc. solution.) 


Hide Powder Treated with 

pH of Final 
Solution 

Grams CraOs 
Combined with 100 
Grams Collagen 

M NaaSO. . 

5.06 

6.72 

H,0 . 

5.07 

7.02 

M KCl . 

. 5.07 

7.18 

“ KBr . 

5.07 

7.36 

“ KI. 

5.08 

7.69 

KCNS . 

5.08 

8,75 

“ BaCh ... 

5.07 

7.80 

“ CaCh . 

5.08 

8.19 


TABLE XIII 
Anodic Sulfito-Compound 

Concentration: 11.3 grams CraOa per liter, containing 3 NaaSOaj 1 CraOs; pH 
value 4.8.* Anodic migration. (2 grams dr>" hide powder + 200 cc. solution.) 

Grams CraOs 
Combined with 100 

Hide Powder Treated with Grams Collagen 


M NaaS04 . 16.84 

0.5 M KsSO* . 18.96 

H.0 . 20.83 

M NaQ . 21.32 

« KQ . 21.48 

“ KBr . 23.70 

“ KI . 25.96 

“ KCNS . 31.28 

0.5 M K4(CN)sFe . 22.45 

M KNO. . 22.68 

“ SrQa . 26.30 

‘‘ BaCla . 2a44 

“ CaCla . 30.62 


* The highest potential immediately set up was taken and corresponds to this pH value. 
The quinhydrone electrode gave a pH value of 4.9. 


Stiasny^® has investigated the tanning action of chromic sulfates 
(chrome liquors) containing increasing amounts of sodium sulfite. He 
found that by. this addition a gradual increase in the amount of electro¬ 
negative chrome complexes occurs and the chrome fixation is also 
increased to a certain limit. This maximum is located where the 
proportion of 3 Na2S08 to 1 CraOs is reached, and under these condi¬ 
tions the migration is entirely anodic. NaoSOs was added in this pro¬ 
portion to the 63 per cent acid liquor which was thereafter diluted to 
contain 11.3 grams CraOs per liter. Solutions .were "aged” for two 

« Collegium. 41 (1926). 
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weeks. The molecular-dispersed form of the original solution was hy 
this addition transferred into a partially colloidal solution. This was 
evidenced by the gradually developed turbidity upon standing. 

An extremely basic sulfito-compound was prepared by pipetting 
100 oc. of a 34 per cent acid chrome liquor (prepared by adding 
NaHCOs to the 63 per cent acid stock liquor) in a concentration of 
226.0 grams Cr 203 per liter into a solution of 113 grams Na2S0s-7H20, 
diluting to 2 liters. A very viscous solution resulted. 


TABLE XIV 

2 grams hydrated hide powder + 200 cc. of above solution. 
Time: 48 hours. 

Grams CraOs 
Combined with 100 

Hide Powder Treated with Grams Collagen 


HaO . 2.63 

M NaaS04 . 2.39 

“ KCNS . 3.67 

" CaCb . 3.48 


A number of experiments were also performed with hydrated hide 
powder, treated exactly the same as in the reported experiments, with 
the exception of omitting the alcoholic dehydration. The results from 
these series were similar to those here reported. 

Alum Tannage. 

Sodium bicarbonate was added to a highly concentrated aluminum 
sulfate solution to form a salt corresponding in composition to AU 
( 0 H) 2 (S 04 ) 2 Na 2 S 04 . The resulting concentration was 30.Q grams 
AloOs per liter. This solution was aged 10 weeks before use. 

TABLE XV 

Two grams hide powder were soaked with SO cc. water for 6 hours. A quantity 
of 50 cc. of 66 per cent acid aluminum sulfate, 30 g/1 AlaOa, was thereafter 
added. Time: 28 hours, pn of original solution (30.0 g/1 AhOs) 3.55. 
pH of solution immediately after dilution (15.0 g/1 AUOs) 3.62. 


Hide Powder Treated with 

pH of 
E.xhaust 

Grams AlaOa 
Combined with IOC 
Grams Collagen 

H*0 . 

3.72 

6.67 

M Na»SO. . 

3.72 

6.16 

“ KCl . 

. 3,72 

6.89 

** KBr . 

3.72 

7.09 

“ KI . 

3.73 

7.85 

« KCNS . 

3.73 

8.14 

“ SrCI. .1. 

3.72 

7.87 

« CaCla ... 

3.72 

8.15 
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DISCUSSION OF RESULTS 

The Dispergation of Hide Powder by Neutral Salts. 

The relative dispergating capacity of neutral salts upon hide powder 
gives series which are practically identical with the Hofmeister’s. This 
widely different influence of neutral salts here found is not due to 
variation in pH, as the H-ion concentration was as constant as can be 
expected in this pH region without use of any buffers, the use of which 
was, of course, out of the question. The different degree of peptization 
by the various neutral salts is instead a manifestation of specific ionic 
effects. Pfeiffer has shown that the increase in solubility of isoelectric 
glycine in neutral salt solutions follows a similar order, where the 
degree of stability of the formed secondary valency complex deter¬ 
mines the solubility. The dispergation of hide substance may there¬ 
fore in part safely be considered due to a breaking up of the protein 
aggregate into micelles, probably also leading to products of greater 
dispersity, by formation of such addition compounds between salts 
and degradation products or weakening of the intermolecular and inter- 
micellar forces.' Similar lyotropic effects have been reported by von 
Weimam in regard to the dispergating influence of neutral salts 
upon cellulose and the order found was identical with that here observed. 
A similar explanation of this action may apply to cellulose and other 
aggregated structures. 

The reaction mechanism between acids and alkalies on the one hand 
and proteins on the other seems at the present to be in general firmly 
established as a salt formation of stoichiometric nature and the formed 
protein compound might preferably be considered as an ammonium salt 
in accordance with Werner’s theory. Simultaneously occurring col¬ 
loidal changes, e.g., of dispersity and degree of aggregation must, 
however, also be considered. That the stability of the internal struc¬ 
ture of the protein is affected b}" primary and possibly also by sec¬ 
ondary valency reactions is not unexpected from the aggregation view¬ 
point of protein structure. In the pH range from 2.5 to 10.5, this 
salt formation is accounted for by union taking place by means of the 
amino and carboxyl groups of the protein. Hoffman and Gortner^®- 
found in their extensive investigations of 14 different proteins in this 
respect that the quantity of acid and alkali bound by the protein in 
this range is controlled by the chemical nature of the protein. The 
ionic view is therefore justified in this instance. The peptide-linkage 
is probably involved at higher pH values. At extremely low and 

"Von Weimam and collaborators. Reports of the Imp. Ind. Research Institute, Osaka, 
Japan. 6, No. 10, 11-67, from Chem. Abstracts. 20, 818 (1926). 

CcU<n4 Symposium Monograph^ 2, 209-368 (1924). 
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high pH values it was found by these workers that the binding capaci¬ 
ties of the different proteins were the same, regardless of their chem¬ 
ical composition. An adsorption mechanism was therefore made prob¬ 
ably under these conditions. The acid and alkali binding capacities 
of the hide powder specimens treated with neutral salts are found to 
be independent of their degree of aggregation. The method employed 
is not strictly quantitative but the best available, as a direct determina¬ 
tion of the protein-salt compound cannot be carried out on account 
of the three phase nature of this system and the instability of the 
formed compound. The method employed is, however, in this case 
accurate enough to establish that adsorption forces of physical nature 
do not partake to any considerable extent in this reaction, in view 
of the very pronounced differences in combining rate found for con¬ 
stituents of colloidal character. 

Vegetable Tannage. 

The fixation of vegetable tannin by neutral salt treated hide powders 
at the same pH and identical experimental conditions shows the‘fol¬ 
lowing order of increase. Anions: CNS > I > Br > Cl > H 2 O > 
SO4, and the cations form the series: Ca > Ba > Sr > Mg > K, Na. 
The same order is obtained in a pH range from 2.2 to 8.2. It has 
previously been noted that great difficulty was encountered in securing 
a uniform tannin fixation of the hide powder exhibiting the greatest 
peptization, even in a perfectly hydrated state. This surface over¬ 
tanning {''case hardening”) is due to the increase rate of combina¬ 
tion caused, in its order, by the increase in specific surface and inter- 
molecular forces by the salt treatment, and the surface layer acts as 
a screen for the diffusion of tannins. Therefore, it is not possible 
to draw any definite conclusion in regard to any particular pH- 
range or concentration of extract where the: change in fixation, due 
to the changed nature of the hide powder, is most pronounced. The 
difference between the blank and the hide powders exhibiting slight 
increase is too uncertain to serve for this purpose. 

A number of theories have been advanced to account for the 
mechanism of the vegetable tannage. The only theory, however, which 
has reached a state where the speculative element is largely elimi¬ 
nated and to which is applicable quantitative treatment, is that pro¬ 
mulgated by Procter and Wilson.^^ This theory is based upon the 
conception of the ampholytic nature of collagen and the application 
of the Donnan membrane equilibrium to behavior of proteins. The 
potential difference set up by the unequal distribution of ions in the 
gel and the bulk of solution is governed by the pH, if other factors 

«/. Am. Uather Chem. Assoc,, 12, 76 (12X7); J. Cfcfm. Soc,, 100, 1827 (1916), 
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are kept constant. A minimum potential is located at the isoelectric 
point of the hide protein and the charge increases with decrease in 
pH until a maximum is reached at a pH of about 2. The tannins are 
negatively charged in this H-ion range and the tanning process, to 
its nature a mutual co-precipitation of two oppositely charged sys¬ 
tems, is to its extent controlled by the sum of the absolute values of 
these potentials. The Procter-Wilson theory explains rationally the 
degree of tannin fixation as a function of H-ion concentration in this 
range and also the action of added substances upon the same prop¬ 
erty. Thomas and Kelly found, however, in one of their impor¬ 
tant investigations in this field that a considerable tanning action also 
is evident on the alkaline side of the isoelectric point, exhibiting a 
maximum at a pH of about 7. This fixation was not expected from 
the view of Procter and Wilson but the finding of Wilson and Kern 
of a second isoelectric point in the vicinity of pH 7.6 was considered 
to account for this additional range of tanning. The existence of this 
second isoelectric point is not yet definitely established and it has 
been considered that the same is fictitious, due to a buffer action.^’^ 
In case the existence of two isoelectric points is true, the question is 
still open if they are caused by intermolecular rearrangement by change 
in pH or if collagen consists of two different proteins. Several facts 
indicate, however, that the Procter and Wilson theory does not in¬ 
clude all factors, which control the rate and nature of the vegetable 
tanning process. Thomas and Kelly found that a considerable 
tannin fixation occurs at lower pH than 2 and greater than 7.6 where 
tannin and collagen possess charges of equal sign. This finding is 
not clear from the electro-neutralization standpoint. They also dem¬ 
onstrated that the hide powders tanned in solutions of pH > S.O are 
more resistant to the action of alcohol than those tanned in solutions 
of lower pH range.®® Foster®^ found that deaminized hide powder 
shows an increased rate of tannin fixation in the alkaline range with 
reference to the isoelectric point, compared to regular hide powder 
where, on the other hand, in the acid range the reverse is true. The 
concept of Procter and Wilson must therefore probably be supple¬ 
mented by other factors. The wide difference in fixation of tannin, 
which in some instances takes such a considerable proportion as over 
100 per cent and which is very likely caused by changes in specific 
surface and intermolecular forces, leaves ample evidence that the 
vegetable tanning process is not as simple as would follow from the 
ionic theory of Procter and Wilson. The order of tannin fixation is 

«J. Ind. Eng. Chem., 16, 1148 (1923). 

*• J. Am. Chem. Soc., 44, 2633 (1922); see also Thomas and Kelly, ibid., 47, 883 (1925). 

Atkin and Douglass, /. Sac. Leather Trades* Chem,, 8, 359 (1924). 

Zntf. Eng. Chem., 16, 1148 (1923). 

** Thomas and Kelly, J. Ind. Eng. Chem., 16, 81 (1924). 

S’“The Behavior of Deaminized Collagen.” Dissertation, Columbia University, New York 
City (1925); Thomas and Foster, 7. Am. Chem. Soc., 48, 489 (1926). 



SPECIFIC ION EFFECTS 


95 


the same as found in the peptization series by the neutral salts. From 
the theory of Procter and Wilson the same rate of tannin fixation 
would follow, if the pH and other factors of the solution are kept 
constant. 

The slight difference in pH of the final solution after interaction 
is due to the different degree of fixation of tannin and cannot ex¬ 
plain the wide difference in fixed tannin found. Two other reactions 
are probably going on simultaneously with the co-precipitation process 
(1) the increased surface action will increase fixation of colloidal con¬ 
stituents, (2) phenolic bodies of high dispersity react to form molecular 
compounds by means of the strongly induced secondary valency field. 
The first factor is expected to be more pronounced at lower pH and 
with increase in concentration of the tannin solution as the colloidality 
of tannin is here greater than in the alkaline range where phenolic 
bodies and also quinone-like structures are preponderant. The forma¬ 
tion of molecular and chemical compounds must therefore be given 
more importance at higher pH values. No definite conclusion in re¬ 
gard to the relative proportions of these three factors can be derived 
from the present data, for reasons previously pointed out. Moreover, 
the present status of our knowledge of valency and colloidal phe¬ 
nomena does not pennit the drawing of any sharp demarcation between 
these three, hypothetically advanced, processes. The following con¬ 
clusion is, however, with safety permissible: The vegetable tannage 
cannot solely be elucidated as an electro deposition process but sec¬ 
ondary valency and specific surface forces play also a prominent role. 
The substantial evidences of the chemical nature of the vegetable 
tanning, accumulated by Thomas and his collaborators in their studies 
of collagen and structurally changed collagen towards tannins, cannot 
be disregarded. The same applies to the types of reaction here 
treated. The final solution of this problem must consider all these 
factors. 


Chrome Tannage. 

In light of the very intricate nature of the components in the 
one-bath chrome tanning process, it is not surprising to find that no 
one theory has met with approval by the many contributors to 
this field. From the one extreme of considering the chrome fixation 
as a surface coating of colloidal chromic oxide to the other extreme, 
postulating this final compound as formed by a regular salt forma¬ 
tion in accordance with the stoichiometric law, are to be found a 
whole range of speculations and hypotheses, mostly derived from very 
incomplete and unsatisfactory data. The colloidal view, advancing 
the co-precipitation of the two oppositely charged systems of col- 
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lagen and colloidal chromic hydroxide, has not taken into considera¬ 
tion that chrome tanning is carried out in an acidic medium, and 
where also the components are both positively charged. The excel¬ 
lent tanning action of chromium compounds of pure crystalloid nature 
evidently shows that the colloidal state of the tanning agent is not 
a criterion of a mineral tanning agent. The origin of this view goes 
back to investigations of the behavior of gelatin and the findings 
have been transferred to explain the tanning of collagen without any 
experimental evidence being offered for this particular case. This 
explanation has lately been revived by Wintgen who has in a series 
of investigations of chromium hydroxide sols added greatly to our 
knowledge of me stability of complex colloid cations as a function 
of the composition of the inter-micellar solution, and their precipita¬ 
tion of gelatin. These last investigations, however, have lost in value 
by Ir k of pH control. Stiasny,®® to whom we are indebted for the 
first iational treatise of the chrome tanning process and also for 
mere recent important contributions in this field, has in his more re¬ 
cent work stressed the importance of the Werner concept as applied 
to chrome leather problems. The criterion of a mineral tanning agent 
is, according to Stiasny, the presence of replaceable aquo-groups in 
the coordinative sphere, whereby a secondary valency action is se¬ 
cured, and further the presence of basic groups (hydroxo) which serve 
to facilitate condensation reactions, leading to products of semi-col¬ 
loidal or colloidal dispersities. According to Stiasny, the mechanisn^ 
of tanning consists in the formation of molecular compounds probably 
through basic groups of the protein; and also, subsequent colloidal 
changes of the formed complex probably plav an important role. Thomas 
and Wilson^® interpret their researches in which the importance of 
physico-chemical methods and technic applied to leather problems has 
been particularly emphasized, as indicating the formation of pri¬ 
mary valency compounds termed chromium-collagenates. This view 
of collagen acting as an anion on the acid side of the isoelectric point 
would seem at first to be contrary to Loeb’s finding of the reactivity 
of proteins, but a sUght activation of collagen as an acid in this 
pH range seems reasonable in light of the Bjerrum theory for the 
constitution of ampholytes, and the great insolubility of the formed 
chromium-collagen-compound explains the gradual fixation of chro¬ 
mium. The objection raised against Wintgen*s view is not here 
justified as the constitutional factor, and not the charge of the micelles 
of the protein is concerned as in the colloidal hypothesis. An inter- 

^ Collegium, No5.656, 667 (1925), where literature references are given also. 

^Colleoium, 337 (1908); 126 (1909); 96, 113 (1923); Z. angew. Ghent,, 37, 913 
(1924); Stiasny, Lochtnann, and Mezey, Collegium, 190 (1925); Stiasny and Lochmann, 
tbid., 200 (1925). 

See Wilson* **The Chemistry of Leather Manufacture,” 378-808 (1928). 

“ Bjerrum, Z, physik, Ch^., 104, 147 (1933), 
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mediate hypothesis of chrome tanning as of dual nature, has re¬ 
ceived considerable experimental support.®- The fixation of cathodic 
chromium by collagen is considered to be an internal complex salt 
formation, in which primary valency is concerned. The reaction 
mechanism of anodic chromium, the tanning action of which Stiasny 
and the writer have investigated, is best classified as a secondary 
valency complex formation. The partition of secondary valency by 
the basic groups of the protein is probably also a very important fac¬ 
tor in the fixation of chromium cations. The reactivity of the acidic 
groups of the protein is induced by disturbance of the valency field, 
causing an activation of the protein. A number of experimental find¬ 
ings have demonstrated that a profound difference in nature of cathodic 
and anodic chromium fixation really exists and the behavior of cer¬ 
tain complexes (oxalato) shows a close parallelism to the vegetable 
tannins, which also probably react chiefly with the basic groups of 
the collagen. That, however, a primary valency function is not re¬ 
quired in chrome tanning is evident from the maximum chromium fixa¬ 
tion from this oxalato-compound occurring in the pH range 5.0—S.S, 
the isoelectric zone, which finding besides a number of others cannot 
be reconciled with the concept of chrome tanning as a purely primary 
valency reaction in all cases. The final product was as perfectly 
tanned as the cathodic chrome tanned hide powder as measured by 
the water resistance test. 

The present investigation brings out exactly the same difference 
in nature of the two classes of chrome compounds. Independence 
of any salt pretreatment of the hide powder is shown in the chrome 
fixation by the various hide powders from solutions, which show 
cathodic migration of chromium entirely. Extremely basic sulfates 
exhibit immediately after dilution, a very considerable anodic migra¬ 
tion, in many instances of the same magnitude as that of the cathodic, 
but upon standing these negatively charged complexes are broken 
down and after 3 to 4 weeks the anodic migration has generally 
ceased. The data show that in freshly prepared solutions, the com¬ 
bining capacity of the various hide powders is dependent upon the 
salt treatment and definite ion series corresponding to the Hofmeister^s 
are evident. But the same liquor in equilibrium Shows practically 
the same value in CroOs for all hide powders. This was verified 
with dry hide powder for both series and it was found that any 
case-hardening does not occur as the same rate of increase is ex¬ 
hibited by solutions made up immediately before use both for hydrated 
and dry hide powder. The possibility of specific surface reactions with 
colloidal constituents of these basic liquors must also be considered. 

The tanning action of extremely basic chromic sulfate with col- 

” Gustavson, J. Am. Leather Chem. Assoc.^ 21, 22 (1936). 
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loidal characteristics and possessing both electro-positive and electro¬ 
negative chrome complexes is in all probability due to (1) Primary 
valency partition between chrome cation and anodic collagen, {2) 
Formation of molecular compounds between anodic chromium and 
collagen, (3) Adsorption of colloidal constituents. Ultra-filtration ex¬ 
periments which are planned, will probably give more information 
regarding the second and third factors. 

Sulfito-complexes and oxalato-chromate illustrate the behavior of 
negatively charged chromium complexes. The anions form the series: 
CNS > I > Br > Cl > H 2 O > SO 4 , where the thiocyanate treated 
stock shows the greatest chrome fixation and the sulfate treated the 
smallest. The colloidal constituents of the aged sulfito-compound ac¬ 
centuate further the difference in obtained Cr 208 -values. A very good 
illustration of this dual nature of chrome tanning, in regard to cathodic 
and anodic complexes, gives the following example: 

The original 63 per cent acid chromic sulfate .containing entirely 
chromium cations, gives the same values for CraOs-fixation in all 
cases, but by addition of 3 mols NaoSOs to 1 mol of Cr 208 the 
complete * formation of chrome anions is secured and the degree of 
dispersity is decreased and no^y the fixation depends upon the nature 
of the hide powder in regard to its secondary valency action and spe¬ 
cific surface forces. The pH value of the sulfito-compound, 4.8, is 
in the isoelectric zone of collagen and the very pronounced chrome 
fixation in this case makes probable the secondary valency nature of 
the process. 

That the decrease in the degree of dispersity of the chromium 
salt caused by the addition of sulufite, is not wholly responsible for 
the different behavior of the two types of compounds toward the 
peptized hide powder, is shown by the data from the 63 per cent 
acid chrome liquor and the same liquor made molar in sodium sulfate. 
Colloidal constituents could not be detected by ultra-filtration through 
collodion membranes in any of these solutions. The partial forma¬ 
tion of chrome anions by the increase in SOi-anions®® must there¬ 
fore be the underlying cause of the different rate of chrome fixation 
by the series of deaggregated hide powders. The same reasoning 
applies to the anodic oxalato-solution. 

Our present knowledge of the possible reactions between chro¬ 
mium compounds and collagen may be summarized as: 

(1) Ionic reaction of cathodic chromium or chromium complexes. 
This primary valency reaction likely involves the acidic protein groups 
(carboxyl) and the result is an internal complex compound. 

( 2 ) Secondary valency reaction of anodic chromium complexes 
by means of the basic protein groups. The formed chrome-collagen 

“ GastoTsos, CcII^um, 97 (192S). 
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qomplex is in type similar to the Werner inorganic ammin-com- 
pounds. 

(3) Colloidal constituents are fixed by means of specific surface 
forces. 

The view that cathodic chrome fixation (the regular one-bath 
chrome tanning) of its nature is radically different from the other 
types of tannage, is supported, among many other facts, by the be¬ 
havior of differently tanned hide powders to the tryptic digestion. 
The regularly chrome tanned hide powder resists this action, where, 
on the other hand, the specimens tanned with other agents, are 
digested.®^ 


Alum Tannage. 

The data from the 66 per cent acid aluminum sulfate show that 
the fixation of AI 2 O 3 by hide powder depends upon its degree of 
aggregation, and tlie rate of Al-fixation by the neutral salt treated 
hide powders follows also here their degree of peptization, i.e., the 
Hofmeister series are applicable. The corresponding chromium salt 
of the same per cent acidity gives equal chrome fixation for the differ¬ 
ent specimens of hide powder. This different behavior of aluminum- 
and chromium-salts of corresponding per cent acidity is not un¬ 
expected as the tendency to formation of cationic micelles of con¬ 
siderable aggregation (‘‘colloidal ions”) and electro-negative com¬ 
plexes is very much more pronounced for the former.®® Alum tannage, 
with experimental conditions similar to those in the cited experi¬ 
ment, involves likely all these factors of reactivity, thus showing a 
parallel to the tanning mechanism of extremely basic freshly prepared 
chrome liquors. 

The importance of the degree of peptization of the hide powder 
in reactions with tanning agents of colloidal and secondary valency 
nature has been further demonstrated by investigations, not yet pub¬ 
lished; where a pretreatment of the hide powder with acid and alkaline 
solutions and subsequent transference of such treated hide powder to 
the isoelectric state was carried out. It was found in an investigation 
of the behavior of formaldehyde treated hide powder toward tanning 
agents that the pH of the solution, in which this pretanning was carried 
out, radically influences the capacity of the final isoelectric product in 
regard to its combination with tanning agents. The formaldehyde, 
collagen formed at lower pH values ( 6 — 8 ), exhibits less capacity and 
rate of combination with tanning agents where, on the other hand, the 
hide powder, treated with formaldehyde at higher pH values (> 12) 

** Seymour-Jones, **Tbe Hydroly^s of Collagezi by Trypsin/' Dis«rtatioii, Columbia 
(1928), 17-28; Thomas and Seymour-Jones, J. Ind, Eng. Chenu, 16, 157 (1924). 
w Pauli, 28, 4 (1921). 
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has in general greater affinity for tanning agents. These findings 
focused the attention upon the changes in degree of aggregation of the 
hide protein taking place with the formation of the collagen-salt. The 
data from the afore-mentioned series with pretreatment at different pH 
values further substantiate the views here presented. 


Summary. 

(1) The dispergation of hide powder by neutral salt solutions in 
molar concentrations at the same pH and with other experimental con¬ 
ditions the same, exhibits specific ion effects. The Hofmeister series 
is shown to be valid. 

(2) The fixation of acids and alkalies is independent of the de¬ 
gree of aggregation of the neutral salt treated collagen. 

(3) The combination of vegetable tannin with collagen under the 
same experimental conditions is largely a function of the state of the 
hide powder in regard to its secondary valency activity and specific 
surface forces. The vegetable tannage cannot be explained simply 
as an electro-neutralization process. The Procter-Wilson concept of 
this process must be supplemented by other factors. The formation 
of secondar}^ valency and adsorption compounds is made probable. 
Hide powder treated with neutral sulfates shows diminished capacity 
of tannin fixation. Neutral halide treatment of the hide powder leads 
to an increased rate of combination with tannin. The order of 
fixation by the different specimens is identical to the Hofmeister 
series. 

(4) This investigation adds further support to the view of the 
one bath chrome tanning process as carried out in practice, as being 
essentially a reaction involving primary valency. Cathodic chromium, 
in the form of chlorides and sulfates, gives practically the same chrome 
fixation for all specimens of hide powder, independent of its previous 
history. 

(5) The anodic chromium compounds, of oxalato- and sulfito-type 
have been investigated. Their reactivity with collagen is a func¬ 
tion of its degree of aggregation, and the order of increase of the 
fixed CroOs is represented by the Hofmeister series. The colloidal 
nature of certain negative complexes is probably a supplementary 
factor in this mode of tanning. The secondary valency nature of the 
anodic chrome fixation is made probable and the view of the dual 
nature of the chrome tanning process has received further sub¬ 
stantiation. 

(6) Extremely basic sulfate liquors in freshly prepared state ex¬ 
hibit also specific ion effects in their reactions with neutral salt treated 
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collagen. In this instance, the reaction mechanism may be considered 
to be due to 


(a) A primary valency reaction between chrome complexes 
or positively charged micelles and the carboxyl group of the 
protein. 

(b) Formation of molecular compounds by means of the 
basic protein groups with the complex chromium anions. 

(c) Processes of pure “adsorptive nature” controlled by 
the specific surface potential of the hide powder. 

(7) Basic aluminum sulfate, in its rate of combination with 
skin protein, is controlled by the state of the same. The mechanism 
of this reaction seems to be similar to that of the extremely basic 
sulfate liquors. Primary and secondary valency forces together with 
adsorptive forces probably occur simultaneously. 

(8) Pretreatment of hide powder with acids and alkalies affects 
the reactivity of the hide powder in a very similar manner to that 
found in the treatment with neutral halides. 

Laboratory of Widen-Lord Tanning Co., 

Danvers, Mass. 



OBSERVATIONS OF THE COLLOIDAL BEHAVIOR OF 
AQUEOUS GELATIN SYSTEMS 

By Elmer O. Kraemer 

In the face of conflicting views, opinions and hypotheses, the most 
certain inference to be made concerning the various interpretations of 
protein behavior is tliat they all lack an indisputable basis and com¬ 
plete substantiation; as a corollary^ it is safe to conclude that, first, 
more information and data, and secondly, a more general and com¬ 
prehensive viewpoint in attempting interpretations are required. It 
is our intention to present preliminary results which, when completed, 
may be found useful in obtaining a more adequate grasp than we 
now possess of the physico-chemical behavior of proteins and other 
materials deporting themselves similarly. The spirit of the studies* 
is one of willingness to recognize the straightforward chemical fea¬ 
tures as well as those features which in general are evident in and 
assumed to be characteristic of polyphasic or disperse systems. In 
the present paper, gelatin is the subject of attention, not only since 
it is a typical protein, but also because of its capacity to form gels 
like many heterogeneous or disperse systems. 

Light-Scattering Capacity of Gelatin Systems 

The tyndall effect or light-scattering capacity is one of the most 
characteristic properties of disperse or colloid systems; studies of the 
tyndall effect therefore should give rather direct information con¬ 
cerning the strictly colloid behaHor of protein systems. Two of 
the many variables upon which the magnitude of the tyndall effect, 
in gelatin systems is strikingly dependent are temperature and H-ion 
activity (pH). The influence of these two factors upon the tyndall 
effects in a number of gelatin systems is discussed below.^ 

De-ashed Gelatins: 

In Figure 1 are shown the relationships between pH, temperature 
and the light-scattering capacities of 1 per cent (1 gram vacuum 
dried gelatin in 100 cc.) gelatin systems made up from stock de-ashed 

^ These studies were made with the cooperation of Mr. Dexter and will he published in 
greater detail elsewhere. The tyndsll effect curve in Fig. 13 is from recent work with Mr. 
G. H. Joseph. 
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by Eastman Kodak Company. At temperatures of 40-50° C., when 
the gelatin is in a sol condition, the tyndall effect is not great and is 
almost independent of temperature and pH. A slight hump appears 
in the region about a pH of 5. At these temperatures, a constant 
intensity of scattered light is attained practically as soon as thermal 
equilibrium. At lower temperatures, which bring about gel forma¬ 
tion, there suddenly appears an extremely pronounced maximum at a 
pH of 4.95, indicating a maximum in the precipitation tendency under 



Fig. 1.—Influence of pH and temperature upon the tyndall effect of 1.0 per cent 
de-ashed hide gelatin systems. 

these conditions. Below pH 4.5 and above pH 7.5, the curves show 
no change in tyndall effect as the temperature is lowered to 17° C. 
Without doubt, this maximum locates the isoelectric point of the gelatin 
in spite of the fact that pH 4.7 is usually quoted for this point. 

The suddenness with which the intensity of the scattered light rises 
for a change in pH of a few tenths of a unit is particularly striking 
and noteworthy. At 17° C., the tyndall effect increases at least 400 
per cent for a change of 0.03 pH (4.87-4.90). No simple relation¬ 
ship is revealed between this behavior and the combination of gelatin 
with acid or base, or the dependence of cataphoretic mobility upon 
pH.® In a 1 per cent gelatin system, as little as 0.001 N HQ is suf¬ 
ficient to remove the striking t3rndall effect and the precipitation tend¬ 
ency by the formation of “solution units” with a low light-scattering 
capacity. It is commonly recognized that the ease of precipitation of 

* Private communication from Dr. Veazcy, 
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gelatin by means of alcohol similarly decreases very rapidly as one 
leaves the isoelectric point. 

In connection with the behavior of gelatin at a pH near 8, and a 
possible “second isoelectric point” ® it is of interest to note that a 
slight but distinct hump in the tyndall effect—pH curve appears at a 
pH ca 8 shortly after the temperature is lowered to 17° C. Upon 
aging, however, the tyndall effect at pH’s between 5. and 8. gradually 
increases, leading to the disappearance of the hump. The increase in 
tyndall effect in the neighborhood of pH 5. may extend over con¬ 
siderable time, but at 17° C. the change was slight between the 24th 
and 75th hours. 

The discrepancy in the pH of the isoelectric point given above 
and the value usually quoted (4.7) raises the question as to the ex¬ 
istence of a unique molecular species which can be called gelatin. If 


TABLE I 

The Isoelectric Points of De-ashed Gelatins as Determined by the pH of 
Maximum Tyndall Effect 


Eastman A 

Eastman A' 

Eastman B 

Eastman C 

pH 

Tyn. Eff. 

pH Tyn. Eff. 

pH Tyn. Eff. 

pH Tyn. Eff. 

V4.65 

1.62 

4.92 13.8 

4.88 4.1 

4.92 

13.4 

4.87 

2.59 

V4.97 18.8 

4.90 9.3 

4.96 

14.3 

4.90 

11.1 

5.00 8,3 

5.00 11.5 

5.02 

10.6 

4.95 

12.9 


V5.03 5.9 

V5.16 

5.3 

5.03 

10.6 


5.13 0.86 



5.10 

9.7 





5.12 

6.7 






Silver Label 





De-ashed 

Ossein 

Gelatin 



pH 

Tyn. Eff. 

pH 

Tyn. Eff. 



4.90 

1.96 

V4.80 




4.97 

10.6 

4.90 

0.49 



vs.oi 

14.3 

5.00 

2.9 



5.07 

. 0.80 

5.30 

10.6 



5.48 

24 

5.52 

13.9 





5.90 

8.4 





725 

0.34 



VpH of 1 per cent system without added acid or alkali. 

Underscored pH defines the isoelectric point witliin limits of errors. 

Eastman A and C were de-ashed by Eastman Kodak Company by washing 
and precipitation of the gelatin. 

Eastman B was de-ashed by electrodialysis of the molten gel by Eastman 
Kodak Company. 

Eastman A' and Silver Label were de-ashed by Dr, Ralph Mason by eleciro- 
dialysis, without membranes, of a 10 per cent gel at 5® C. 

Ossein gelatin was extracted below 60® C. from purified ossein furnished by the 
Hammond Organic Products Co. and de-ashed by Loeb’s washing method 

•Cf. Kraemer, 7. phys. Chem., 20, 410 (1025). Cf, Kraemer and Fanselow, /. phys. 
Chew., 29, 1169 (1926). 



OBSERVATIONS OP COLLOIDAL BEHAVIOR 105 


gelatin systems contain a single chemical entity with definite properties 
uniquely determined by the conditions under which it exists, it should 
be characterized by a uniform and constant isoelectric point. The 
sharpness with which the maximum tyndall effect appears at the iso¬ 
electric points presents a very convenient and ' accurate method for 
determining this point. The results of the application of the method 
to several specimens of de-ashed gelatins are given below. 

For the first five (hide) gelatins, the maximum tyndall effect— 
and therefore presimiably the isoelectric point—is located at prac¬ 
tically a constant pH (4.95-5.01) in spite of great differences in gel 
strength. Eastman B, for instance, behaves like a very low grade 
gelatin. The isoelectric point of the ossein gelatin, on the other hand, 
falls at pH 5.5 (the H-ion activity being less than one-third as great 
as at the isoelectric point of the hide gelatins). Furthermore, the maxi¬ 
mum in the tyndall effect—^pH curve is broader and flatter than in those 
shown by the hide gelatins. . 

Table I shows also that the Eastman gelatins and the ossein gel¬ 
atin are not in the isoelectric condition, but contain a trace of acid 
or base. Removal of the excess acid or base does not change the pH 
of maximum tyndall effect (cf. Eastman A and A'), but tends to 
give rise to a still sharper maximum. The commercial Silver Label 
gelatin containing ash gives a maximum tyndall effect at the same 
pH as does the de-ashed Silver Label gelatin. Electrodialysis as a 
de-ashing procedure is therefore without influence upon the isoelectric 
point of the gelatin. 

Commercial Hide and Bone Gelatins: 

Since the isoelectric points of the commercial and de-ashed Silver 
Label gelatins are identical, it seems possible that the normal ash 
has a negligible influence upon the pH of maximum tyndall effect. 
In Figures 2, 3 and 4 are given data on the isoelectric points of vari¬ 
ous commercial gelatins. Data fixing the isoelectric points of a series 
of calf-skin gelatins representing successive extractions of the same 
raw stoc^ are given in Figure 2. In spite of considerable differences 
in quality and gel strength, the isoelectric points of the members of 
the series fall at pH’s between 4.90 and S.IW. 

Figure 3 shows however that the highest grade member of a series 
of Delft bone gelatins behaves rather like the de-ashed ossein gelatin 
already described, for the maximum tyndall effect appears at pH 5.5. 
Succeeding members of the series show a pH for the maximum tyndall 
effect (and isoelectric point) shifting toward a value of 4.9, In this 
series, the intensity of the tyndall effect also decreases with decreas¬ 
ing quality of gelatin. 
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Fig. 2. —Isoelectric points of successive extractions of calfskin gelatin stock as 
shown by the pH of maximum tyndall effect. 



Fig. 3.—Isoelectric points of bone gelatins. I-V, Successive extractions of bone 
stock. VI, Blended bone gelatin. 
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In Figure 4 are given the data for the isoelectric points of vari¬ 
ous other gelatins. A third extraction (above 80® C.) of the purified 
ossein yielding the de-ashed ossein gelatin mentioned above, shows an 
isoelectric point at pH 4.85. The form of the tyndall effect—pH 
curve resembles those for the hide gelatins. A particularly inter¬ 
esting specimen is the pigskin gelatin with the isoelectric point near 
pH 8. 


ousax 

ooac ooz isont to* i: 



Fia 4.—Isoelectric points of various gelatins as shown by the pH of maximum 

tyndall effect. 

It appears, therefore, that the term ‘‘gelatin” is applied to mate¬ 
rials differing considerably in their behavior, even with respect to a 
property like the isoelectric point which is usually thought to be dis- 
tinctiye and unique.^ This fluctuation in the isoelectric point sug¬ 
gests either that “gelatin” consists of an unknown number of un¬ 
known chemical substances or that the so-called isoelectric point of 
such material does not bear the relation to the chemical character 
of the material which is implied in the application of the theory of 
amphol 3 rtes to its behavior. In any case, the absence of a single 
demonstrable chemical entity places great difficulties in the way of in¬ 
terpreting the chemical and physico-chemical behavior of such sub¬ 
stances. 

Gelatin Mixtures: . 

It is sometimes suggested that the “second isoelectric point” of 
gelatin is due to the presence of an impurity the isoelectric point of 
which gives rise to the “second point.” The possession of various 
gelatins with various isoelectric points makes it possible to deter- 

* Gerngross and Bach (Biochem, Zeit., 3.4S, 542 <1923)) have also found that the 
isoelectric points of various gelatind fluctuate between pH 4.6 and 6.5. For them, the 
higher pB*9 were shown by hide gelatins. 
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mine whether such mixtures actually reveal double isoelectric points 
corresponding to their compositions. In Figures 5, 6 and 7 are given 
data for the apparent isoelectric points of various mixtures as deter¬ 
mined by the influence of pH upon tyndall effect. It is evident that 
double isoelectric points do not occur. Instead, a maximum tyndall 



Fig. 7.—Tyndall effects in mixtures of calfskin and pigskin gelatins. 


effect, maximum precipitation tendency and apparent isoelectric point 
appear at a pH intermediate between those of the two components. 
In general, the component with isoelectric point near pH 5 is more 
effective—on the basis of relative masses—than the other compo¬ 
nent in determining the pH of the maximum for the mixture. Thus 
in Figure 6, the maximum tyndall effect in a mixture containing 90 
per cent of bone gelatin is but slightly different from that of the other 
component. Mixtures of calf and pigskdn gelatins behave similarly 
(Figure 7). Any gelatin system may likewise consist of an unknown 
number of components without revealing the fact in such an examina¬ 
tion. Theoretical considerations, therefore, which are, based upon the 
assumption of the existence of definite and uniform gelatin molecules 
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as units in aqueous gelatin systems would appear rather artificial and 
formal. This is also true of other protein systems—as of casein—which 
there is good reason to believe are also heterogeneous systems.® 

Optical Activity and the Resistance-to-Shear of Gelatin 

Systems ® 

In connection with the tyndall effects of gelatin systems their capacity 
to form gels should also be considered. In general, the formation 



Fig. 8. —Influence of pH and temperature. upon the specific rotation of 0.47 per 
cent gelatin systems (de-ashed). pH’s adjusted with acetic acid and sodium 
hydroxide. 

of a gel may be considered as the result of an incomplete or unsuc¬ 
cessful precipitation of a disperse phase from a colloid system."^ If 

^Cf. Lindstrom-Lang, Compt, rend, trav, lab. Carlsherg, 16 (1925). 

• These investigations were made with the cooperation of Mr. John R. Fanselow and wJU 
be published in greater detail elsewhere. Cf. J. phys. Chern,, 29, 1169 (1925), 

» Cf. J. phys. Chem., 29, 1523 (1925). 



OBSERVATIONS OF COLLOIDAL BEHAVIOR 111 


this general view is applicable to gelatin systems, a dose relationship 
should exist between gel formation and tyndall effects. The work 
of C. R. Smith ® has suggested that a rather intimate connection ex¬ 
ists between the optical activity of gelatin systems and their capacity 



Fig. 9. —Influence of pH and temperature upon the specific rotation of 0.31 per 
cent gelatin systems. pH's adjusted with acetic acid and sodium hydroxide. 
Measurements were made through a short tube in order to obtain readings 
near pH. Curves are for IS®, 20® and 40® C, 

to form gels, but a systematic study of the dependence of optical activ¬ 
ity upon temperature and pH has been lacking. A comparison of 
the influence of pH and ■ temperature upon the tyndall eflfect, optical 
activity and gel stren^h or resistance-to-shear reveals a number of 
interesting and surprising features. 

•7. Am . Chem . Soc .. 41, 185 (1919). 
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In Figure 8 may be seen a graphical presentation of the relation¬ 
ships between temperature, pH and optical activity of 0.47 per cent 
de-ashed gelatin systems, the pH’s being adjusted by the use of acetic 
acid and sodium hydroxide. Depending upon the temperature, tire 
cuires show one of two forms. At 2754° C. or higher, there is a 
minimum specific rotation at pH 5 and pH 8-9, but no great variation 
with pH. The form of the curve suggests a relationship to the com- 


5.8 

5.0 

4.2 

3.4 

2.6 

1.8 

1.0 




Fig. 10.—Inilnence of pH a:id temperature upoa the relative resistance-to-shear of 
0.38 per cent gelatin systems. pH’s adjusted with acetic acid and sodium 
hydroxide. Lower 15° curve after 24 hours, upper curve after 48 hours. 


bination curve and those properties to which the equations of the 
Donnan membrane equilibrium have been applied. At 25° C. and 
lower, the carves take on an entirely different form. In the region of 
the two minima at higher temperatures, the temperature coeflScient 
becomes relatively great and the minima are replaced by mavima ex¬ 
cept in a very narrow region near pH 4.95 where the sudden rise in 
tyndall effect takes place. At this point, the precipitation tendency 
is so pronounced as to cause either a turbidity preventing observa- 
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tions of optical activity or—if a thin layer is used—an actual mini¬ 
mum in specific rotation (cf. Figure 9). With decreasing tempera¬ 
ture, the specific rotation and gel-forming tendency increase in the 
region between pH 5 and 8, partially masking the minor maximum near 
pH 8. 

The parallelism between optical activity and gel formation is illus¬ 
trated by Figure 10 in which the dependence of resistance* to-shear 




Fig. 11.—Influence of pH and temperature upon the specific rotation and relative 
resistance-to-shear (gel strength) of 0.38 per cent gelatin systems. pH's 
adjusted with HCl. 

upon pH and temperature is shown. The maximum gel strength ap¬ 
pears on eitlier side and very near to the optimum precipitation point 
or isoelectric point, illustrating the general rule that gel formation 
takes place under conditions which are just adjacent or boundary to 
those leading to readiest precipitation or coagulation. Over a narrow 
region at the isoelectric point at pH 4.95, the gel formation is small f 
the sharpness of the minimum at this point resembles closely the 
maximum in tyndall effect at the same pH. 

* Contrary to the usual assumption. See for instance. Michaelis and Nakashima, Biochem. 
Zeit., liS, 484 (1928). The sudden change in conditions at this critical point appears ta 
have been overlooked by Gemgross and Bach in the paper already mentions. 
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The range of pH attainable with acetic acid is of course more 
limited than with stronger acids. With hydrochloric acid, the influence 
of pH's as low as 0.5 can be observed as shown in Figures 11 and 
12. For pH's above 2.5, the curves of specific rotation and re- 
sistance-to-flow with hydrochloric acid parallel those with acetic add. 
However, below pH 2.5 and at low temperatures, a new and en- 



Fig. 12. —^Influence of pH and temperature upon the specific rotation and gel 
strength (relative resistance to shear) of 0.62 per cent gelatm systems con¬ 
taining HQ. 


tirely unexpected phenomenon appears in the form of another region 
of Wgh specific rotation and great gel strength at pH 1-1.5. Even 
at the higher temperatures, there is a distinct suggestion of irregu¬ 
larity in the curves at the low pH. At intermediate temperatures, 
the gradual and continuous transition from the high temperature type 
curve to the low temperature type is evident. The appearance of this 
fourth region of gel formation completes a certain symmetry in the 
betovior of gelatin with respect to pH, the center of reference being 
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the point of maximum tyndall effect at pH 4.95 for this particular 
gelatin. On either side and immediately adjacent to this point are 
two regions of gel formation. Then on either side and at a distance 
of about 3-3.5 pH units appear two more regions of gel formation 
near pH 1-1.5 and near pH 8.5. Figure 13 shows that the gel forma- 
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Fig. 13. —Relationship between precipitation tendency (as revealed by the t:pdall 
effects) and gel strength. The tyndall effect curve is taken from recent un¬ 
published work with Mr. G. H. Joseph. 

tion at low pH is also associated with a maximum tyndall effect or 
a precipitation tendency, but no more congruent with it than are 
tyndall effect and gel formation at pH 4.95. Although hydrolysis of 
the gelatin is hastened by pH’s as low as 0.5-l,0, the decrease in 
tyndall effect, specific rotation and gel formation below pH 1 is not 
due to hydrolysis; the hydrolysis, even at this pH is sufficiently slow 
to allow the reversibility of properties to be shown upon increasing 
the pH again. 

Figures 14 to 17 show similar curv^ for hydrobromic, citric. 





Rotation 


F"g. 14.—Injfluence of pH and temperature upon the specific rotation and gel 
strength (relative resistance to shear) of 0.38 per cent gelatin systems con¬ 
taining HBr. 



Fig. 15.—-Influence of. pH and, temperature upon the specific rotation and relative 
resistance-to-shear (gel strength) of 036 per cent gelatin systems containing 
citric acid. 
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oxalic, and sulfuric acids. The general relations remain the same, 
particularly with respect to the parallelism between specific rotation 
and resistance-to-shear. Hydrobromic, oxalic, and sulfuric acids all 
give the maximum gel strength and specific rotation at low pH. The 
breadth of the maximum is distinctly greater with sulfuric acid than 
with hydrochloric acid. In the case of citric acid, the maximum at low’ 



o i b i 4 h 

iH 

Fig. 18. —Influence of pH (HCl used) and temperature upon the specific rotation 
of the technical hide gelatin from which the de-ashed material was prepared. 
Concentration—0,375 per cent. 

pH is lacking probably because of secondary effects arising from the 
excessive concentration of citric acid necessary to attain a low pH. 

That this curious behavior at low pH is not due to modification 
of the. gelatin during purification and de-ashing is shown by the 
curves of Figures 18 and 19 for two commercial gelatins containing 
the normal ash and impurities These show a negligible influence 
upon the pH*s at which maximum and minimum appear. The pigskin 
gelatin with isoelectric point at pH 8 also shows the maximum spe- 



specific Rotation 
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cific rotation at low pH as may be seen in Figure 20. The usual 
behavior near pH 5 is suggested at 40° C. but is totally lacking at 
low temperatures. This gelatin remains anomalous with respect to 
specific rotation at pH 8. 

The similarity of gel formation in gelatin systems with gel forma¬ 
tion in disperse systems in general, particularly with respect to the 
influence of previous history, is illustrated by Figure 21. The strength 
of a gel formed at 15° C. is greater than one formed at 20° C. for 



Fib. 21.—Influence of thermal history upon the gel strengths of 0.38 per cent 
gelatin systems containing various quantities of hydrobromic acid. Total 
age in each case is 48 hours. Changes in temperature were made at the 24th 
hour. 15® 20® means 24 hours at 15® following 24 hours at 20® C. 

the conditions represented by the figure, and yet, when the total 
history is split between one period of 15° after a period of 20°, the 
gel strength is actually much greater than in the gel kept continuously 
at 15° C. On the other hand, if the lower temperature period precede 
the higher temperature period (20°«15° C.), the gel strength is even 
less than that of the gel continuously at 20° C. 
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These facts and observations, it is believed, illustrate the claim 
made at the beginning that more information and data are required 
for understanding the colloid behavior of the proteins. Even a mate¬ 
rial like gelatin, as much studied as it has been already, may still be 
made with a simple technic to reveal a behavior entirely unexpected 
on the basis of current views and theories. A slavish attachment to 
such views and theories therefore prevents the discovery of important 
facts. 

Colloid Laboratory, 

University of Wisconsin, 

Madison, Wisconsin. 



MASS ACTION EFFECTS IN THE INTERACTION OF 
GELATIN AND ACIDS 


By W. K. Lewis and C. F. Daniel 

In treating the interaction of gelatin with acid, Procter ^ and later 
Procter and Wilson® claim that the phenomena follow the Ostwald 
hydrolysis equation for a monoacidic base, 

f = y/iy + k), 

where f is the fraction of the total base in the solution which has 
combined with hydrogen ion, y is the hydrogen ion concentration and 
k is the hydrolysis constant. Finding that the data did not accord 
with this equation for monoacidic base they concluded that the base 
must be diacidic, in which case the equation has the form, 

f = y/iy + ki) + y/iy + *2), 

ki and kz being the hydrolysis constants of the two basic groups. They 
do not discuss the justification of applying this equation to a materi^ 
such as gelatin, but from a study of this part of their article it would 
seem justifiable to infer that they really consider gelatin as a diacidic 
base. Since they give its equivalent weight as 839, this would corre¬ 
spond to a molecular weight for gelatin of 1678. However, from 
the other work of these authors it seems unlikely that they would be 
willing to accept this particular conclusion. 

If the mass action concept is to be applied to gelatin, it seems 
imperative that one start with the assumption that gelatin is a mate¬ 
rial of very high molecular weight. Since all the data indicate that 
its equivalent weight is relatively low, there must be a large num¬ 
ber of basic groups per molecule of gelatin. The following treat¬ 
ment is based on this assumption: 

NOMENCLATURE. 

a = mols gelatin per liter. 

w — number of amino-groups per mol of gelatin. 

y = hydrogen ion concentration. 

» = the number of the particular amino group in the gelatin molecule 
under discussion, starting with the strongest and numbering in order 
of strength. 

Chem, Soc., 106, 818 (1914). 

•Ibid,, 109, 307 (1916). 
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jsx = concentration of positive charges due to combination of strongest 
amino-group with hydrogen ion. 

S 2 = same for second strongest amino group, etc. 
sw = same for weakest amino group. ^ 

3 = concentration of positive charges due to all amino groups combined. 
0 — equivalents of gelatin per liter == aw. 

5= hydrolysis constant of strongest amino group. 

Kt = hydrolysis constant of second amino group, etc. 

= hydrolysis constant of weakest amino group. 

« = cone, of gelatin anion— (RCOO’). 

Y = equivalent concentration of gelatin as an acid. 
k = average equilibrium constant for ionization of gelatin as an acid. 

^ ss= jfey == constant for one gelatin concentration. 


Since the equivalent weight of gelatin is of the order of magnitude 
of 800 or greater, it is probable that the distances between adjacent 
available amino groups in the gelatin molecule are considerable. This 
TtialfPg it likely that the reactivity of any given amino-group with 
hydrogen ion is not appreciably affected by similar interaction of 
other amino groups in the molecule. If this be granted, one can im¬ 
mediately apply the Procter-Ostwald equation to each individual amino 
group, i.e., 

XTi = ay/iy -4- Ni) ; a. = o.y/(y + ■K’s); etc.* 

However, sf = .Si 4- 2. -}- • • • • ^U3> 

whence,a=ay(^^^4-^^:p^+ • • • 

T< 1 ^ (1) 

Since under the summation sign (Equation 1) there are w terms, it 
will be obvious that the expression 



is an arithmetic mean, equal to ^ -jf-* 

y I ^ ^ 

If we let X — n/w, keepang in mind the fact that n is an integer with 
increments of unity, one can write. 


Iv ^ ^ An/w _ 

-^Zdy^K ^y + K ^y + K‘ 


•The ordinary method of applying the 

So^d^'SJW.^^attSSreSlt* group, and 

Seines, Sre used. This method simplifies computation m this specific case. 



124 


COLLOID SYMPOSIUM MONOGRAPH 


For each value of n the corresponding value of K is definite though 
at present unknown. In other words, if is a fixed function of n and 
therefore also of x, i.e., k=f(x). Since zy, the number of amino 
groups per gelatin molecule, is large, the value of this sum .will not 
dilfer materially from the expression 


Hence, one can write, 


dx _ p dx 

oy + K'~‘ }oy + f(^y 




dx 


(la) 


From equation (1) one can immediately draw certain interesting and 
important conclusions. In the first place, the single-term Procter equa¬ 
tion can be correct only in case the hydrolysis constants for all amino 
groups of the gelatin molecule are numerically identical.^ The prob¬ 
ability of this is too slight to justify serious consideration. The two- 
term Procter equation would demand the assumption that the amino 
groups are divided into two classes, equal in number, all groups of 
each class having the same hydrolysis constant. This seems equally 
improbable. It is difficult to justify the Procter equation on theo¬ 
retical grounds. 

In the second place, inspection of Equation (1), when written in 
the form, 


makes it obvious that this equation demands that s/y decrease with the 
increasing values of y. Table I shows Loeb’s data ® (y, Zo) for z and 
y for gelatin hydrochloride, arranged in the order of increasing values 
of y. It will be noted that, at low values of y, z/y increases greatly, 
goes through a sharp maximum and then decreases as the above equa¬ 
tion demands. This discrepancy at low values of y demonstrates that 
gelatin does not follow the simple mass action expression. Indeed, 
it proves that isoelectric gelatin acts as a much weaker base than gelatin 
which has already partially reacted with acid. 

The discrepancies at low values of y are not of a character to 

<The hydrolysis constants of the various amino groups can be equal only in case the 
constants as ordinarily expressed, assuming ionization of the first group to precede that 
of the second and so on, have the following values for successive amino groups: 

First amino group, K 

Second amino group 


Third amino group ^ g ) K, etc. Last amino group, tu^K. 

»Ipcb. J. P'.ysioh, S, 691 (1920-21); Loeb. “Proteins and Theory of Colloidal 

Behavior,” 176 (3923). 



MASS ACTION EFFECTS 


125 


be explained on the assumption that the hydrogen ion is adsorbed by 
the gelatin, because adsorption phenomena are characterized by the 
fact that, particularly at low concentrations of the material adsorbed 
(in this case the hydrogen ion), the ratio of amount adsorbed to 
concentration of the adsorbed material decreases rapidly as this con¬ 
centration is increased. 

As so clearly shown by Loeb, gelatin acts both as acid and as 
base and, as indicated by his data, its strength as an acid is much 
greater than as a base, though its equivalent weight as an acid is 
approximately three times its equivalent weight as a base. In strongly 
acid solutions one would expect the activity of the weak gelatin acid 
groups to be effectively suppressed, but, as one approaches the iso¬ 
electric point, they should come into action; in other words, there 
should be a certain amount of internal compensation. It is obvious 
that a mass action equation analogous to (1) should govern the ioniza¬ 
tion of the gelatin as an acid. Since this ionization on the acid side 
of the isoelectric point is only a small correction term, it will lead 
to no serious error to assume an average value, k, for the dissocia¬ 
tion constants of the acidic groups of gelatin. Calling y the equivalent 
concentration of the gelatin as an acid, and u the concentration of 
negative charges on the gelatin due to ionization of its acidic groups, 

k 

the mass action law requires that w=: —(y — w). Furthermore, on 

y 

the acid side of the isoelectric point u will be small compared to y 
and no serious error will arise from writing, 


u = ky/y. 

As used by Loeb and Procter, s is the concentration of positive charges 
on the gelatin corresponding to external acid reacting with the gelatin, 
but the mass action expressions as represented by equations (1) and 
(la) would give the total positive charges on the gelatin due to 
interaction with hydrogen ion from any source whatever. From 
these computed values one should therefore subtract any positive 
charges on the gelatin due to internal compensation, i.e., one should 
write, 




w K 



ax ky 

y + M ~y' 


( 2 ) 


The function fix') is unknown, but as a first approximation it will 
perhaps not be amiss to assume it linear in x, that is, to assume that 
the hydrolysis constant of successive amino groups differ by sub¬ 
stantially equal increments. On this assumption, equation (la) in¬ 
tegrated, becomes 
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and equation (2), 




K^ — K, y + K, 

(3) 

fty + ^ 

K^ — K^ y + Jfi j;’ 

(3a) 


Further, it can be shown that in the range of the data in question, these 
equations are good approximations, even though if as a function of x 
may differ quite widely from linear. 

It is obvious that at high values of hydrogen ion concentration 
Equation 3 should be satisfactory. In this equation, p, the total equiva¬ 
lents of gelatin in the solution, is the asymptotic value of the acid 
combining capacity of the gelatin at high hydrogen ion concentration 
and can be determined with reasonable precision. A little study of 
the equation will show that the individual constants, Kx and Kvo, are not 
capable of exact evaluation unless the precision of determination of s 
as a function of y is very great. This is particularly true of Kx- 
For Loeb*s data on gelatin chloride {loc. at,) at hydrogen ion con¬ 
centrations above 46, we have estimated the values of kx and kw as 1.4 
and 95 respectively. Table I shows the values of b observed by Loeb 
[iTo] with the values calculated by Equation (3) [bx]- 

In one sense Equation (3) is no more satisfactory than Procter’s 
two-term equation, because both have three constants, the numerical 
values of which must be determined from experimental data. Grant¬ 
ing sufficient constants in an equation, one can get an expression which 
will fit any curve. On the other hand, Procter’s equation can be given 
a theoretical basis only by making difficultly justifiable assumptions, 
whereas equation (3) is theoretically sound and its only weakness lies 
in the fact that it assumes a certain type of change of K with x. How¬ 
ever, some functional relation between K and x must exist, and, as 
indicated above, the data at present available are not sufficiently accurate 
to test other assumptions. 

Granting these constants in Equation (3), the constant of the 
correction term in Equation (3a), c(= ky), is readily computed from 
the values of s determined by Loeb for values of y below 50. For 
this we find 125. This gives as the final equation representing Loeb’s 
data. 


^z= lS.7ylogio 
and in general, b =0.0245 fty logia 


y + 9S 

125 

(4) 

y-f 1.4 

y 

y + 95 
y+lA 

.195P 

" y ■ 

(4a) 
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The comparison of the values ot s experimentally determined by Loeb 
[^o] with those computed [^o] from Equation (4) are found in fable 1. 
Figure 1 shows the same data plotted as s/y vs. y. This form of 
plot is employed because it most emphatically brings out the dis¬ 
crepancies between computed and observ^ed values of s at low h\’drogen 
ion concentrations. If one plot 2 itself versus y one must either em¬ 
ploy a scale which omits all high points or else one that crowds the 
low points> too closely together. In Figure 1 the dotted curve rep¬ 
resents values computed from the Equation (4) and the full curve 
the values computed from a single term Procter equation (see Table). 


■EaaMSBZMWi 
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the constants of which are chosen to make that curve fit the -values 
of s determined by Loeb at high hydrogen ion concentration (i.e., 
above SO). 

Procter does not report data on the amount of acid combined 
with gelatin at low hydrogen ion concentration. Indeed Procter un¬ 
doubtedly did not know how to produce the isoelectric gelatin with 
which it would be necessary to start to make such data of any value. 
Consequently the correction tenn of Equation (3a) does not have to 
be used in interpreting his data. Furthermore,. Procter worked at 
widely varying gelatin concentrations whereas Loeb kept his gelatin 
concentrations practically constant. Inspection of Equation- (3) shows 
tliat the acid combined per equivalent of gelatin is a unique function 










TABLE 1 


128 


COLLOID SYMPOSIUM MONOGRAPH 


00 

s s 


® 3 

NO 


NO 


S SiS 

o oo 


o 

o tis 


S3 S3S3 

o oo 




PC 1 —« 


W OOV 

0 ^ o o 

p 

oo ^ cm' 1-4 

1 S5 

tri 

s 


»-i o 


l>* ts» PC e<5 

^ ^3= 


CNl ^ ^ CC VO VO 

vdcva <Ni o CM CM o ^ vd vdvd 




O <CfO 
po PC ^ i< csl rx 

S <c 




OQ Sv lO 00 COCM 

Ov'cMON 0 ^ 5^04 


00 C^OO 

S 323 




oq ^ ^ ^ oo 

^p-4 ifi »-J CM irj Cv CM OPO 

m 1-5 ov CM 'O lo T-t ?3i-i 


tvjtc PO Cv PC 

CMvd -M- 1-4 1^ NO »d nc 3 PC vd'd 

i-H CM VO ^ 1-1 i-H i-< 


4- 

5^1 


+ 

!+ |i „1G 


1 

i 


't« 


N.B.—Explanatory Equations: 

_IP*, , y + 95 , y + 95 

£i = 157 y logtt =" y ThPu ■*" 

640 5 y • 

y+ 45 ~ ^ — Procter's type of equation for Loeb’s data. 
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of y. Hence, plotting s divided by gelatin concentration, i.e., ^/p, 
versus y, one should get a smooth curve. Figure 2 shows Procter’s 
data thus plotted and it will be seen immediately that the points are 
far more erratic than Loeb’s data. The curve in Figure 2 represents 
Equation (3) as determined from Loeb’s data, using however 780 as the 
equivalent weight of gelatin instead of 1560 as determined from Loeb’s 
.measurement. Proctor’s gelatin appears to have suffered progressive 



j02 .04 JOS .08 .10 .12 .14 .IS 

y(MOLS PER LITER) 

Fig. 2. 


hydrolysis during the course of the experiments at high hydrogen, ion 
concentration. It must be remembered that he operated in some cases 
at a concentration well above tenth normal in hydrogen ion. Nearly 
all of Procter’s data were taken at gelatin concentrations greatly ex¬ 
ceeding that used by Loeb. Since s is calculated by difference and 
since in the majority of Procter’s measurements ^ is less than y, the 
precision of s is low. This fact, together with the probability of 
increased gelatin hydrolysis at the high hydrogen ion concentrations 
used, accounts for the erratic appearance of the points in Procter’s 
plot. Despite this fact the maximum deviation of Procter’s points 
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from the calculated value of s is less than 15 per cent and the average 
deviation only about 6 per cent. 

The quantitative relationships here developed suggest certain qualita¬ 
tive conclusions of interest. Thus, while the data, which so clearly 
indicate internal compensation in the neighborhood of the isoelectric 
point, throw no light on the question as to whether the reaction of 
acidic and basic groups of the gelatin itself is intermolecular or intra¬ 
molecular, it seems likely that the combination is between groups in 
different molecules. This would to a degree tie together molecules 
of gelatin at the isoelectric point, but this intermolecular bonding would 
decrease rapidly as one leaves the isoelectric condition. As soon as 
hydrogen ion concentration is built up to a value of roughly 25 in 
Loeb's units, this type of molecular association would cease to be an 
important factor. This gives an explanation of the mechanism of the 
polymerization of gelatin in the neighborhood of the isoelectric point. 
Such polymerization has often been assumed, though in the past ap¬ 
parently without adequate justification. 

Since viscosity as a function of hydrogen ion continues to increase 
far beyond this point, there must be some other important contribut¬ 
ing cause. Many explanations have been offered, of which perhaps 
the most widely accepted are (1) increased hydration of the gelatin 
as hydrogen ion increases and (2) increased degradation of the gelatin 
itself by hydrolysis. Both of these seem to be decidedly ad hoc ex¬ 
planations. Since with increasing hydrogen ion concentration there 
is a marked increase of combination of hydrogen ion with the amino 
groups of gelatin, it of necessity follows that the corresponding anions 
of die acid added will be held by electrostatic attraction in the neigh¬ 
borhood of the amino groups. From the point of view of mobility, 
this is equivalent to an increase in the size of each molecule of gelatin 
and, since the average distance between the charged amino ion and 
the corresponding anion can be considerable, it follows that the frac¬ 
tional increase in effective molecular size will be large. This should 
result in increased viscosity as long as there is an increase in amount 
of acid combined with the gelatin. However, in strongly acid solu¬ 
tions, further increase in combined add is negligible, but the added 
solute, which is undoubtedly highly solvated in solution, begins to com¬ 
pete with the gelatin molecules for solvent and this dehydration of 
the gelatin results in a shrinkage, thus producing the maximum in 
the viscosity curve. 

A similar point is the discrepancy between the action of sulfuric 
and other acids on gelatin so clearly brought out but not explained 
by Loeb. If the only effect is combination of amino groups with 
hydrogen ion, the extent of that combination should be independent 
of the source of the hydrogen ion. However, in the case of sulfuric. 
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for a given amount of acid combined with the gelatin, the correspond¬ 
ing hydrogen ion concentration is abnormally high. Sulfuric as a 
dibasic acid is claaracterized by the fact that both its hydrogen ions 
are very strong. Since the equivalent weight of gelatin as a base is 
800 or more, it follows, if one assumes that the free amino groups 
are at all regularly distributed in the gelatin molecule, that the dis¬ 
tance between adjacent amino groups is considerable. If, now, a 
hydrogen ion from sulfuric acid combines with an amino group, the 
anion cannot move a great distance away from this group. How¬ 
ever, the second hydrogen ion of the sulfuric will dissociate to a large 
degree, but in turn will be held by electrostatic attraction in the neigh¬ 
borhood of the sulfate ion from which it came. Consequently this 
particular hydrogen ion, while adding to the hydrogen ion concentra¬ 
tion of the solution as a whole, is not entirely free, at least not suf¬ 
ficiently so to migrate to and combine with another amino group. 
In consequence one would anticipate an abnormally high hvdrogen ion 
concentration for a given amount of combination between sulfuric 
and the gelatin base. However, in the case of ordinary polybasic 
acids, in which the second hydrogen is weak compared to the first, 
the dissociation of this second hydrogen would be a minor factor and 
the acid would behave toward gelatin as a monobasic acid. It will be 
noted that this is exactly the situation disclosed by Loeb's data.® 

Summary. 

Attention is called to the fact that Procter's mass action equation 
for the reaction of gelatin in acid implies eitlier that the molecular 
weight of gelatin is not greater than double its equivalent weight, or 
else that all the amino groups in gelatin have the same acid strength. 
It is also shown that this equation breaks down completely in the 
face of Loeb’s data obtained at low hydrogen ion concentrations. It 
is demonstrated that isoelectric gelatin acts as a w;eaker base than 
gelatin which has already combined with some acid. It is further 
pointed out that this behavior can be quantitatively explained on the 
assumption of internal interaction of amino groups and carboxyl 
groups in the gelatin itself. A general mass action expression for 
the interaction of gelatin and acid is derived, including a correction 
term for internal compensation of the basic and acidic groups of gelatin 
in the neighborhood of the isoelectric point. Qualitative implications 
of this internal compensation’s effect on the viscosity of gelatin .solu¬ 
tions are discussed. 

Massachusetts Institute of Technology, 

Cambridge, Mass. 

•Loeb, “Proteins and the Theory of Colloidal Behavior," t>. 175, Tables XXXII , and 
XXXUI. 



HELMHOLTZ DOUBLE LAYER RELATED TO IONS AND 
CHARGED PARTICLES 

By E. F. Burton 


1. Electro-endosmose and Related Phenomena: 

The so-called Helmholtz double layer connotes a mechanical ex¬ 
planation of the phenomena included under the general title of electro- 
endosmose. The term electro-endosmose is applied to the phenomenon 
of the transfer of liquids through capillary tubes under the action of 
an electric field set up throughout the tubes by electrodes placed at 
the ends of the tubes and maintained at a given difference of poten¬ 
tial. The experiments on single capillary tubes have been extended 
to porous diaphragms which are treated merely as collections of fine 
capillaries. The laws governing this action have been very fully 
worked out by a succession of scientists. 

Although this phenomenon of electro-endosmose has been given 
particular attention, it is merely one of four phenomena which treat 
of the electrical forces set up by the relative motion of solids and 
liquids, or, of such relative motions set up by applied electromotive 
forces. The correlation of these phenomena may be seen in Table 1. 


TABLE I 


A 

Motion caused by applied E.AI.F. 

I. Liquid moving through stationary 
soHd tubes. 

Electroendosmose.^ 

II. Solid particles moving through 
stationary liquids. 

Cataphoresis,® 


B 

E.M.F, set up by impressed motion 

I. Liquid forced through stationary 
solid tubes. 

Helraholtz-Billiter.* 

IL Solid particles dropped through 
stationary columns of liquid. 
Dorn effect.** 


It is at once apparent that there is an intimate relation existing her 
tween these phenomena, B being in general the converse of A, and 

1 Wiedemann, Elektricit^, 1, 1007 (1893). Quincke, Pogg, Ann,, 113, 518 (1861). 
Helmholtz, Ann, d, Phys., 8, 837 Memoirs Lon. Phys. Soc., 1888. Lamb, Brit 

Assn, Pep., 495 (1887). Perrin, Jour, ckim, phys,, 2, 607 (1904); 3, 60 (1905). EHssafoff,' 
Z, phys, Ckent,, 79, 885 (1912). Briggs, Bennett, and Pierson, J, phys, Chem,, 22, 256 
(1918). 

* Burton, "Physical Prop, of Coll. Sol." (Longmans, Green, 1921, p. 182). 3M E. Laing. 
J. phys, Chem,, 28, 673 (1924). Mukherjee, Proc, Roy, Soc., 108, 102 (l928). 

■ PreundUch, "^j^pillarchemic," 8rd ed., p. 836. Ildmholta, ioc, cit, (1), Billiter. Z. 
phys, Chem,, 48. 642 (1904). 

^Freundfich, "Kapillarchemie" Che. cit.}, JDom, Ann, d, Phys,, 6 , 20 (1878): 9, 613 
(1S80); 10. 46 (1680). d. BW 11, 937 (1603). FreundHch and M&kelt, 

Z. Elektroehetn., 25, 161 (1909). Barton and (Jorrie. PMl. Mttg,, 49, 194 (1925). 
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within both A and B, (II) is the converse of (I). The common fea¬ 
ture of all is illustrated by the explanation which has been offered by 
the so-called Helmholtz double layer. 

Historically the discussion of electroendosmose and cataphoresis 
came first (Wiedemann). In order to explain these curious motions, 
Quincke suggested that the solid in contact with the liquid became 
charged in some way with electricity of one sign, while in the immedi¬ 
ate vicinity of the solid wall there was a layer of electrical charges of 
the opposite kind, exactly equal in magnitude to the first. Helmholtz 
first offered a mathematical treatment of Quincke’s* suggestion and 

HELMHOLTZ DOUBLE LAYER 


GLASS W/tLL 



ELECTROENDOSMOSE IN CAPILLARY TUBES 



arrived at certain formulae the truth of which could be—and in fact, 
was—^tested and proved to be true (Fig. 1). The picture presented is 
consequently known as the Helmholtz double layer, which was further 
dealt with several years ago by Lamb. 

When two electrodes, positive and negative, maintain a difference 
of potential at the ends of the capillary tube, the liquid is dragged 
through towards the negative electrode and slips as a sleeve through 
the tube. A similar explanation was offered of the movement of solid 
particles through stationary liquid media. 

The assumption adopted by both Helmholtz and Lamb, in which 
they have been followed by others, is that the total thickness of the 
double layer is just of molecular dimensions, e.g., it is assumed that the 
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charged particle plus the contiguous liquid layer gives an entity which 
is electrically neutral. This assumption of the thickness of the layer 
is not implied in the Helmholtz test formula for electroendosmose, 
which is as follows: ® 

r^VED 

V =-- 

4Lr] 

where 

V = volume of liquid transported per sec. through a tube of radius 

r and length L; 

If] = coefficient of viscosity’ of the liquid; 

D = dielectric constant of liquid; 

V = difference of potential between stationar}* charged layer and 

the outer Helmholtz layer; 

E = the electromotive force applied to electrodes at the ends of the 
capillary tube. 

Consequently, the fact that this formula has been found to hold 
true for various experimental tests does not demand one's assent to the 
assumed thickness of the outer la\"er. 

By considering the motion of a small cylinder of liquid taken parallel 
to the axis of the capillary tube and replacing this cylinder by a small 
solid cylinder stationar}’ relatively to the liquid, one deduces that if the 
liquid as a whole is at rest and the solid cylinder in motion, it will have 
a velocity as given by the equation: 

_ VED 
4Sl^’ 

In order to explain this phenomenon of cataphoresis, Helmholtz,® after 
postulating the double layer, says, “On the whole, .the algebraic sum 
of the two charges on the two layers equals zero, and the center of 
gravity of the complete system, solid particle (e.g., negatively charged) 
and surrounding (positively) charged fluid layer taken together, cannot 
be moved by the electric forces which arise from the potential fall in 
the liquid through which the current passes. However, the electric 
force will tend to bring about a displacement, relatively to each other, 
of the positively charged fluid layer and the negatively charged particle, 
whereby the fluid layer follows the flow of positive electricity while the 
positive moves in the opposite direction. If the liquid were a perfect 
insulator the new position would still be a condition of equilibrium. 
Since, however, through the displacement of the layers, the equilibrium 
of the galvanic tension between the solid particle and the liquid is dis- 

“ Freundlich, “Kapillarclieniie/' 8rd ed., p. 329. 

^Loc, cit (1). 
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turbed, and, on account of the conductivity of the liquid, always seeks 
to restore itself, the original state of electrical distribution will tend 
to be continually reproduced and so new displacements of the particle 
with respect to the surrounding liquid will continually occur.” 

As the conception held of the Helmholtz double layer was that just 
outside a charged surface (or charged particle) and within molecular 
distanfe of this surface there existed a layer of oppositely charged ions 
making up a total charge equal and opposite to that on the surface 
itself, it was thought that there could not be any mutual action between 
two such particles. (See Svedberg,^ Perrin,® Porter and Hedges®). 
It is on this account that the recent work of Milner,^® Ghosh,and 
Debye on the complete dissociation of strong electrolytes, has an 
important bearing on the theor}^ of the stability of colloidal solutions. 

2. Mutual Actions of Ions in Electrolytes: 

As usually presented, the theor}’ of the partial dissociation of strong 
electrolytes defines the conductivity in terms of the concentration and 
the mobilities by such a relation as 

k ccm{t{r + t-O 

where k is the conductivity of the solution, m is the concentration in 
gram-molecules per unit volume and u, v are the mobilities of the ions. 
As the solutions become more concentrated the conductivity per mol. 
(the molecular conductivity) decreases and this is explained by assum¬ 
ing that only a portion of the m gram-molecules are dissociated into ions 
—a portion which decreases as the concentration increases. So we have 
the relation: 


ko:am(u -j- v) 

where a is a fraction, the so-called degree of dissociation. 

An equally reasonable assumption would be that m remained con¬ 
stant while u and zj decreased constantly with increasing concentration 
and so lessened the molecular conductivity. This is the view recently 
worked out by Debye, based on extensive work of some of the leading 
American chemists. 

From another point of view, the use of the osmotic pressure equa¬ 
tion in its ordinary form: 

PV = 7iRT 

Svedberg, Colloid Chemistry (Chein. Cat. Co., 1924), p. 102. 

•Perrin, Ann. Chim. Phys. (8), 18, 5, (1909): Atoms (tr. Hammick, Constable, 
1910). 

•Porter and Hedges, Phil. Mag. (6) 44, 641, (1922). 

wMOner, Phil. Mag. 23, S51 (1912); 26, 748 (1913); Trans, Far. Soc., 16, 148 
(1919). 

Ghosh, J. Chem. S-ac., 113, 449, 627, 707, 790 (1918). 

“Debye and Huckel, Phys. Zeil., 24, 185 (1923). 
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also takes for granted that there are no mutual forces between the ions 
of an electrolytic solution. The correction of this view brings in the 
virial due to Clausius.^® The virial is an analytical expression for the 
total energy of molecules of gas in a volume in terms of the instan¬ 
taneous values of the coordinates of the molecules and the values of the 
components of the forces acting upon them; this expression includes 
the ordinary pressure term (3/2 RT) and, also, the energy due to the 
mutual action of the molecules. This latter term may be shown to be 
given by the expression 

pv<p(v), 

when cp(v) is the force between two molecules distant v apart. Con- 
sequently the equation for one gm. moleculer weight becomes 

=% RT + i2v(p(v), 

where m, V, R and T have their ordinary significance and the summa¬ 
tion 2vq)(v) is made for every pair of molecules. This equation is 
taken over for the treatment of osmotic pressure of solutions and, if 
there is a mutual action between the ions of the solution due to their 
electrical charges, there will be a potential energy term, ■i2vq)(v), to be 
calculated. This is the problem attacked by Milner and Debye from 
diflferent points of view. 

Milner solved the problem in a direct way—a treatment which is 
recognized as an outstanding accomplishment which showed that many 
of the difficulties of the theory of partial dissociation could be met by 
assuming mutual action on the part of both positively and negatively 
charged ions. Ghosh attempted also to account for the anomalies of 
strong electrolytes by assuming complete dissociation together with 
electrostatic forces between the ions. 

Debye has developed a method of calculating the energy furnished 
by the above term ^2v<pv in a new and indirect method. Expressing 

the thermodynamic potential, G, by the equation G = S —he divides 

the energy U into two parts, i.e., U = Uji+ Ue, Ujs being that given by 
the classical theory and Ue being an added term due to the mutual action 
of the ions on account of their electrical charge. He then sets out to 
find C7e. In order to accomplish this, Debye calculates the electrical 
potential at a point in a liquid medium containing ions both positive 
and negative, and then takes as the potential energy the ordinary ex¬ 
pression : one half the product of the charge and the potential. 

At a point, P, in the medium surrounding a particular ion, say 
positive, let tlie potential have a mean value ip; if another positive ion 
is brought up to this point the work done is -f- eip where e is the charge 

“ See Je^ns, “Dynamic Theory of Gases,” p. '143. 
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on an ion; if a negative ion is brought up then the work gained will 
be — E-ip. In an element of volume, dV at P. one would have according 
to the Alaxwell-Boltzmann principle: 


ne 


— 


dV positive ions and ne 


kT 


dV negative ions, 


(where n = the number of molecules per cc. supposed to be uni¬ 
univalent and completely dissociated, and k is the Boltzmann constant, 

which equals —, R being the universal gas constant and N Avogadro's 

number). From these two expressions the density, p, at the point P is 
determined, viz. : 




JF 


. Tp, approximately, 


arid, by the use of Poisson’s equation 


the relation 




0 




falls out, where , in which D is the dielectric constant of the 

DkT 

medium. This differential equation is solved, constants of integration 
determined and a value of potential energy of all the ions deduced. This 
work of Debye has been generally accepted as marking a great step 
forward in explaining the anomalies of strong electrolytic solutions. 

In view of the application of this theory to be made later, it is de¬ 
sirable to give the general expression for K“ in the case of a complex 
solution. Suppose there are 5* kinds of ions; let the numbers of ions 

per cc. be Wi, --and the valencies be Zu ^2 

-Zi--Zg. Then is given by 




DkT 




The physical interpretation of if is the following: calculation shows 

that has the dimensions of a length and the development of Debye’s 
K 

theory indicated that this length is a characteristic constant of the 
solution. If a plate is dipped in the solution, and takes up a definite 

“Another example of this sort of treatment: Langmuir, Pkys. Rsv* 2, 450 {1918); 
21, 419 (1938). 
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potential relatively to the liquid, the ions of the outer Helmholtz layer 
will be distributed according to the above equation and 1/K is the dis¬ 
tance from the plate in which the electrical density of the ionic layer 
falls to \/e of its value at the plate. \/K is a quantity which measures 
the thickness of the Helmholtz outer layer. 

Some years before Debye's work was published, Gk)uy had worked 
on a similar idea of the distribution of ions in a solution of an electro¬ 
lyte, assuming complete dissociation. Gouy dealt with the law of 
distribution of positive and negative ions in a solution near a plate 
which, placed in the solution, assumes a given charge, and a definite 
potential relatively to the liquid. 

He also finds that the outer Helmholtz layer has an electrical density 
which falls off according to an exponential law; the distance of the 
center of gravity of this ionic atmosphere, a, is given by: 

J DRT 

\ A%NH^{na + nc)Ncnc{or Na^n) 

where D, R, T, iV, 8 are as before, Wa, are the valencies of the anion 
and cation, and iV c, Na are the number of gram ions per cc. in solution. 

This may be compared with Debye’s — given by: 

K 


1 J DRT 

In the development of these two theories the values of a and 

K 

practically connote the same thing, only a slight difference being noticed 
in the way in which the valencies of the anions and cations are intro- 

1 

duced. In Table II are given the values of a and — for various 

K 

types of strong electrolytes, using concentration of 0.001 gram molecular 
weights per litre, 

TABLE II 


D = 80 1? = 8.3X10’ 7 = 300 iV = 6XiO® 


Type: Valency 

uni—uni. 

Gouy's a X 10" 

. 9.1 

uni-di \ 

. 5.29 

di-uni /. 


uni-tri \ 

. 3.7 

tri-uni j ... 

di-tri \ 

. 2.3 

tri-di /. 


di-di. 

. 4.58 

tri-tri . 

. 3.0 


£ = 4.77X 10-“ 
Debye's ~ X 10" 
9.1 
5,74 

4.05 

3.6 

4.58 

3.0 


“Gouy, Jtmm, de phys, (4), 9, 467 (1910). 
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These formulae and results bring out two important properties of the 
Helmholtz double layer, viz. 

L The thickness of the outer Helm-holts double layer decreases 
as the concentration of the electrolyte increases; or addition 
of electrolytes to such a medium Tjootdd depress the outer 
Helmholts layer in towards the inner layer. 

IL For additions of electrolytes of the same molecular strength, 
the decrease in the thickness of the outer Helmholts layer is 
greater the greater the valency of the ions, i.e., ions of high 
valency have a greater depressing effect than those of lower 
valeticy. 


Gouy brings out an additional point regarding the influence of the 
valencies of the ions, which is most significant for our problem. 


III. 


If at a point in an electrolytic solution near a charged plate 

Uc, Uc, Uc" -etc., be the concentration of cations of 

valencies Uc, nd, nd', -, and Ua. Ud» Ud^ -be the 

concentrations at the same point of anions of valencies iia, nd, 
nd'^ - - - 


Then U:'' = Ud''^ 



— 1 


= Ua 


Ua 




etc. 


From which Gouy concludes that if the cations have the 
same valencies, their concentrations remain throughout propor¬ 
tional to one anotherj and so for the anions; if the ions differ 
in valeiuy, they are more concentrated or rarefied in the neigh¬ 
borhood of the surface depending on the zxilency. 

For example, with ions of Sodium, Barium and Alu¬ 
minium of concentrations Cga = and 

Ci^l = CNa^ 

3. Ionic Atmospheres about Colloidal Particles: 

We may say that all are agreed that the existence of the colloidal 
particle is fundamentally due to an equilibrium maintained between the 
forces of surface tension and the repulsion due to electrical charges. 
In their stable state, the existence of a very active Brownian move¬ 
ment does not seem to lead to collisions between particles which bring 
about an increase in size of the jiarticles. As long as the particles 
remain small enough the disturbance due to the Brownian movement 
is sufficient to masque the small settling effect due to gravitation. 
Whether one denies the existence of mutual repulsion on the part of 
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colloidal particles or not, it is an undisputed fact that the particles of 
a stable colloidal solution do remain apart, although they are executing 
Brownian movements and so, one would judge, are being driven con¬ 
tinuously into collision. A denial of the existence of mutual repul¬ 
sion of such particles if they approach one another near enough, led 
Smoluchowski in his paper on a ^‘Mathematical Theory of Coagu¬ 
lation"’ to assume that on near approach particles show mutual attrac¬ 
tion, He made the following assumption: “The simplest assumption 
would be perhaps that the particles, on near enough approach to one 
another, are drawn together by capillary action; that union does not 
take place under normal conditions might be explained by a protective 
action of the electrical double layer, which one can picture to one's 
self as a sart of shell. On adding electrolytes, on account of the 
Freundlich absorption, a partial or complete discharge of the double 
layer takes place, which destroys its protective action, so that collisions 
and coalescence ensue. . . . We shall assume that each particle is 
surrounded by a protective sphere, so that neighboring particles exe¬ 
cute their proper Brownian movements independently and undisturbed, 
so long as each one keeps without the protective spheres of its neighbors. 
But two particles are indissolubly united as soon as one of them pierces 
the boundaries of the protective region of a neighboring particle.” 

The‘more logical view of the distribution of ions in the Helmholtz 
double layer gives a far simpler and more acceptable explanation of 
the facts. The view of this distribution worked out by Gouy and 
Debye enables us to look upon single colloidal particles as bearing on 
their surfaces an effective charge which cannot be regarded as being 
neutralized by the outer Helmholtz layer until a surface is reached at 
such, a distance from the boundary of the particle that the distribution 
of positive and negative ions becomes equal to the concentration in the 
medium itself. As a consequence, although at comparatively great dis¬ 
tances from the particles (say, of the order 1.0 p = 10^ cm.) the 
electrical force due to the particle is zero, and, consequently, two 
particles separated by such distances have no mutual repulsion, when¬ 
ever two particles do approach one another more nearly they will 
mutually repel with a force which increases rapidly as the distance 
apart decreases. This explains why “union does not take place under 
normal conditions.” There remains the question,' “Why does the 
addition of electrolytes allow particles to come together?” In connec¬ 
tion with the effect of added electrol 3 d:es on the disposition of ions in 
the outer Helmholtz layer, we may conclude from the propositions I, 
II, III above (1) that, as the concentration of the ions of given 
valency is increased, the distance of the center of gravity of the outer 
layer decreases, (2) that, for given concentration, ions of uni-, di-, tri-, 

^ Smoluchowski, ZeiU phys. Chem., % 2 , 129 (1917). 
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etc., valency will give progressively thinner outer layers, the effect of 
the valency increasing exponentially with increasing valencies, and (3) 
that for liquids very slightly ionized the outer layer occupies a con¬ 
siderable thickness, many microns for pure water and still more for 
other liquids. 

In view of these results we may construct a complete picture of 
the mechanism by which added electrolytes bring about coalescence, 
and, also, gain an insight into the abnormal effect of ions of different 
valencies. Let us replace Smoluchowski's assumptions given above 
by the following: (1) Particles on near enough approach to one 
another are held together by capillary action; (2) that union does not 
take place under normal conditions is accounted for by the mutual 
repulsion of the particles due to an effective charge, which becomes 
active when the particles approach one another within the limits of 
the diffuse Helmholtz outer layer; (3) added electrolytes, by suppress¬ 
ing the diffuseness of this outer layer, reduce the effective, distance at 
which the repulsive force comes into play; and, finally, (4) by a dis¬ 
charge of the particle, the electrolytes destroy the source of the force 
which kept the particles apart. 

The continuous Brownian movement will tend constantly to cause 
the particles to collide with one another. While the electrical charge 
is large enough, mutual repulsion will prevent the partkles from 
approaching one another nearer than a certain distance. If, by the 
addition of electrol 3 ’tes, the particles are discharged, which is an ex¬ 
perimental fact, then that mutual repulsion which has prevented 
collisions is wiped out. 

Proposition III of the previous section throws light on one of the 
most puzzling characteristics of electrolytic coagulation, viz., the 
peculiar valency relations expressed by the Hardy-Schulze law, that 
the coagulative power of uni-, di-, and tri-valent ions are in the ratios 
of 1: X: X® where x has a value, say, from 20 to 30. We find that if 
the concentrations, mar a charged surface, of ions of valencies 1, 2, 3, 
in solutions of the same molecular strength in the bulk of the solution 
are denoted by Ci, C 2 , Cz, then 

C^:Cz:Cz=^C^:C,^:C^^: 


OT=l:C^:C^\ 


From this we would gather that the resulting depression of the outer 
Helmholtz layer due to the addition of a coagulating trivalent ion would 
be much greater than for a similar divalent ion which in turn has a 
much greater effect than the univalent ion. The charge on the particle 
and that in the outer Helmholtz layer remaining the same, the resultant 
electrical forces between the two layers will be very much increased 



142 


COLLOID SYMPOSIUM MONOGRAPH 


by a nearer approach, and a time will come when the whole layout 
breaks down and the particle becomes partially or completely dis¬ 
charged. This discharging action would be much greater for trivalent 
than for divalent ions, much greater for divalent than univalent ions. 
We have also a reasonable explanation for the puzzling fact that the 
valency of the non-coagulating ion in the solution does not count in the 
action. From Gouy’s result: 

1 —1 


and consequently a high concentration of cations (or anions) at a point 
in the solution means a very low concentration of the anions (or 
cations) at the point. 

The interposition of these strong electrical forces between Helm¬ 
holtz layers sufficiently close to one another, may bring about the 
adsorption of the ion of opposite charge in accord with the laws de¬ 
velops by Freundlich. 

4. The Ionic Atmosphere and Electroendosmose: 

The ordinary method of developing the formula giving the relation 
between tlie volume of water transported per second through a capil¬ 
lary tube, the applied electric field and other physical quantities in¬ 
volved, is to balance the frictional force due to \dscosity against the 
electric force due to the external field acting upon the Helmholtz layer 
in the liquid bathing the wall; as Lamb expressed it ‘*the electrical 
forces act on the superficial film of the liquid and drag the fluid, as it 
were, by the skin through the tube.” This idea is quite at variance 
with our present conception of what is taking place at the wall. 

The Helmholtz formula for electro-endosmose is usually deduced 
as follows: 

Let V = volume of liquid passing per second through a capillary 
tube of radius r. 

Then u the average velocity of the liquid will be given by 

Ttr^u =zv or M == —r 
xr* 


If the layer actually in contact with the wall is at rest, i.e., if there is 

du 

no slipping at the wall, the velocity gradient in the liquid, —, may be 

dr 

u 

taken as constant and is usually written equal to — where we indicate 

w For example, see Freundlich^ “KapilUrchemk,” or Creighton and Fink, Mhc$ro€h4m'> 
iHry Qobn Wiley & Sons, 1924), p. 1S2. - ^ 
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by bv the perpendicular distance one must proceed from the mill in 
order to come to the place where the liquid has attained the velocity, it. 
The frictional force per unit area between the liquid at the wall and 
the flowing liquid will then be given by the ordinary viscosity formula: 




V 1 

^ 


This frictional force, for steady slow motion, becomes equal to the 
electrical force due to the externally applied electromotive force acting 
on the Helmholtz layer. This electrical force per unit area will be 


Pel = He 

where H is the external electrical field given by the electromotive force 
applied at the ends of the capillary tube divided by the length of the 
tube and e is the charge per sq. cm. on the wall of the tube and conse¬ 
quently in the movable Helmholtz layer— 


V 1 


Looking upon the double layer as an electrical condenser in a medium 
of dielectric constant, D, with diflFerence of potential between the plates 
V we have: 



4jc60 


4Ke ^ 


where S« is the distance between the two Helmholtz layers. Substi¬ 
tuting for e in terms of V we have the ordinary Helmholtz formula: 


jcr*8v DVH _ r^DVH bv ' _ b. 

Tj • 4rt8, “ 4 ti ■ 8,°’’ r^DH'h, 


Ordinarily be and 8„ are taken both small and are put equal to one 
another, without any particular justification. V is then calculated in 
volts and results tabulated in that way. 

We have seen above that bv is the distance from the wall where tte 
liquid reaches its mean velodty. Extensive experiments on . this phe¬ 
nomenon by Morrow*® shows th^ this distance is of the drd^r df €.5^ 
cm, and consequently for capillary tubes the yelpeity ^ continually ^ 
changes, reaching a maximum along die centrad $xis of ®e ^tube. 
signing a small value to bv comparable with 8a can 
ing, According to the theory\of the 
the value of 8a vdB depend upon tl^e 

T . 'j! IT* ' 1 1. . .1^.'. ' , c # ^ i S K » ; 4 


Pn>e. Spy. Sit. Lf.; 4. T*,' 
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in contact with the walls. Such facts call for a reconsideration of 
just what electro-endosmose is and why the liquid moves through to 
the capillary tubes when an external field is applied.^* 

Summary. 

The quite recent work of Milner, Ghosh, Gouy and Debye on the 
complete dissociation of strong electrolytes has established beyond a 
doubt, almost, the fact of the mutual action of ions in solution. This 
consequently points to a mutual action of charged particles and also 
to the interaction of such colloidal particles and ions in solution. 

That this mutual action of charged particles has not been properly 
realized is shown by the arguments used by Smoluchowski, Perrin, 
Porter and others; these writers have shown a tendency to be confined 
by the old idea of the Helmholtz double layer, viz., that immediately 
surrounding a charged wall or particle in contact with a liquid there 
is a layer of oppositely-charged ions, the thickness of this la 3 rer being 
of molecular dimensions. 

The foregoing paper refers to the work of Milner who developed a 
method of calculating directly the interaction of'ions and to the method 
Gouy and Debye employed in calculating the thickness of the outer 
Helmholtz layer, and its relation to the molality of the solution and the 
valency of the ions in solution. As a consequence one may form a 
reasonable picture of the charged colloidal particles with its surface 
charge and surrounding atmosphere of liquid containing positive and 
negative ions. 

As a result of this picture of the distribution of charges relatively 
to the charged particle, exjdanations may be given as to the cause of 
the stability of colloidal particles, of the so-called Hardy-Schulze law 
of the coagulating power of electrol 3 rtes on dispersoids, and tlie motion 
of particles in an electric fidd, which is related to electro-endosmose. 

University of Toronto, 

Toronto, Canada. 

aifcBain, J. Phyt- Cktm., 28, 706 (1924). 



X-RAYS AND COLLOIDS 


By George L. Clark 


1. Introduction: 

The great contributions of X-ray science to the knowledge of the 
crystalline state of matter constitute some of the most brilliant pages 
in the record of scientific achievements of the past decade. The X-ray 
and the crystal spectrometer have added themselves to the list of the 
chemist’s most valuable and powerful tools, just as they are to the 
physicist in sub-atomic searching. With them the orderly marshalling 
of the ultimate atoms in crystals, indicated by external faces and 
symmetry, has been proved; the new elements hafnium, masurium, 
rhenium and illinium have been discovered; the physical properties, 
practically desirable or undesirable, of such materials as metals and 
alloys are being fundamentally related to structure; dependable in¬ 
formation is being obtained on grain size, purity, solid solution, lattice 
distortion, internal strains, atomic sizes and shapes, allotropic modifi¬ 
cations, valence, density, as these concern crystals; the organic chemist 
has had the structural theories, upon which his science has been built, 
directly verified in the X-ray proof of the tetrahedral valency of 
carbon; of the 6-carbon ring of benzene, taken over from graphite; of 
the length of long chain compounds; and of the constant effect of adding 
successive carbon atoms. Thus he finds elegant new methods of deter¬ 
mining molecular weights, polymerization, chemical reactivity, isomer¬ 
ism, explanation of optical activity, and the positions of polar groups in 
molecules. 

The analytical chemist has found in X-ray analysis by several 
methods a new mode of attack. The inorganic chemist has at last 
discovered the method of establishing such logical relationships as have 
been the strength of the organic branch of the science, so that he can 
correctly predict just how the atoms in triammonium heptofluohafniate 
or other compounds should dispose themselves. The industrial chemist 
and the engineer are just now awakening to the realization that here 
is a fundamentally scientific method of research which may solve many 
of the very difficult directly practical problems of efficient production 
of commodities, and naturally assist in the development of a vigorous 
manufacturing technique. 

It is but natural, therefore, that the chemist who is primarily in- 
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terested in the colloidal and amorphous states, in gels, extremely small 
particles, thin films, etc., should be asking whether X-ray science holds 
any promise for the pi'oblems which confront him, even granting that 
the extension from the province of the truly crystalline state is a priori 
attended with little promise. It is the purpose of this paper to present 
briefly an account of the achievements of X-ray researches thus far 
in the newly tried fields of colloidal and amorphous materials, and 
thereby to give some indication of what may be hopefully expected in 
the future. Two distinct types of applications of X-radiation must 
be at once distinguished, namely, (1) the chemical, physical or bio¬ 
logical action of the radiation upon colloidal and amorphous systems, 
and (2) the utilization of the radiation as a means to structural 
examination. 

II. The Direct Action of X-Radiation: 

At the outset it must be stated that present-day knowledge con¬ 
cerning the direct action of X-radiation photochemically, catalytically, 
or biologically is very limited—far more so than is true for the ultra¬ 
violet portion of the electromagnetic spectrum. The number of funda¬ 
mental investigations is small, because of expense of apparatus, lack 
of trained research workers, and inherent difficulties involved in using 
a radiation which is so penetrating. It has been known since the dis¬ 
covery of the rays by Roentgen that they ionize gases; yet there are 
no quantitative measurements on gases under strictly comparable con¬ 
ditions related to the amount of radiation energy and the liberation of 
corpuscular rays, which C. T. R. Wilson and the Braggs showed to be 
the real ionizing agent. If, then, the chemical action of X-rays follows 
a primar}’ ionization, fundamental data for interpretation are lacking. 
From a colloidal point of view, the more interesting observations on 
X-ray action which have been made are as follows: 

(1) The coloraiion of minerals, salts and glass. While the violet 
coloration of glass, etc., has been ascribed to oxidation of manganese, 
Dauvillier has pointed out that the observable chemical effects of 
X-rays are always associated with compounds which are known to 
contain ions—salt crystals, colloids, glasses and even electrolytes. 
Corpuscular rays, liberated by X-rays, by impact cause negative ions to 
lose electrons, which are relatively slow moving and neutralize neigh¬ 
boring positive ions. Coloration results from the formation of neutral 
atoms or even of colloidal particles. In alkali halide crystals the color 
fades logarithmically with time when removed from the X-ray beam, 
by a reverse process. The photoelectric and photoluminescent effects 
and recent measurements of absorption spectra of colored specimens 
seem to lend weight to this theory of mechanism. 
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(2) Photochemical action. The effect of X-rays on the pho¬ 
tographic plate is, of course, familiar in its similarity to light. Instances 
of positive effect on chemical reactions are very few. Clark, Mead 
and Cochrane ^ in very careful experiments found that, whereas ultra¬ 
violet light or radiation from a Mazda lamp had enormous accelerating 
effect upon the oxidation of benzaldehyde, rubber and transformer oil, 
a heterogeneous beam of X-rays from a tungsten target tube operated 
at 100,000 volts had no photochemical effect whatever. The difficulty 
involved lies in the failure to absorb the X-radiation. A very hopeful 
modification of these experiments lies in the use of an admixture of 
an insoluble inactive colloid, particularly of a heavy metal or its salt. 
Peskov has already found that colloidal barium salts with diastase in¬ 
crease by twenty-fold the influence of X-rays in diminishing activity. 
The decomposition of ortho-nitro-benzyl alcohol is similarly influenced. 
The mechanism involved, of course, is to be found in the absorption of 
the primary rays and re-emission as secondary rays by the small 
particles intimately in contact with reacting molecules. Research along 
this new line in colloidal chemistry promises important results. 

Colwell and Russ in 1912 reported quantitative measurements 
on the transformation of starch sols into dextrin under the influence 
of. X-rays. Because of the entrance of such variables as tempera-, 
ture and hydrolysis, which may produce the same effect, the proof 
of radiation effect is doubtful and apparently has not been definitely 
checked by other investigators. The Same may be said of the con¬ 
versions of cane sugar solutions, reported by Fernau. 

(3) Flocculation of colloids. That there is a definite tendency 
for X-rays to induce flocculation of colloids under certain conditions 
seems established, Fernau reported that X-rays coagulate cerous 
hydroxide and albumin sols. These effects are also produced by 
hydrogen peroxide and ozone, so that X-rays may cause formation 
of hydrogen peroxide in the solution, which, upon return to water, 
liberates electrons which in turn neutralize the positively charged sol. 
Dognon very recently has reported experiments on gum mastic sols 
which flocculated w^hen irradiated with a homogeneous beam such 
as the Ko. rays from molybdenum. A heterogeneous beam, on the 
other hand, produced no such effect, indicating some kind of antag¬ 
onistic effect which seems inexplicable. A careful examination of the 
original paper discloses no apparent flaw in manipulation or in un¬ 
derstanding of filtration. 

A beam of general radiation from a tungsten target passed 
through five identical cells containing the sol and flocculation was 
greatest in the fifth, although the intensity was O.Ql as great as in 
the first cell. On the .other hand, a monochromatic beam produced 

' PfQC. Imt, Congress of Radiology, London (19S5). 
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greatest flocculation in the first cell. Such observatioat>, however, 
require many repetitions and checks against unrayed sols in order 
to avoid errors in interpretation. If this effect is substantiated it 
siiould be of immeasurable importance in the technique ot irradiation 
of biological colloidal systems such as the human body. 

(4) T}ie activatiw of colloidal catalysts. This field has been 
subjected only to a preliminary survey, but the results are of great 
interest and promise. The oxidation of SO 2 to SOs in tne presence 
of colloidal platinum (the so-called sulphuric acid contact process) 
has been studied recently by Clark, McGrath and Johnson ^ for a 
single set of conditions except unrayed and rayed catalyst, and pres¬ 
ence or absence of moisture in the gases. The temperatures through¬ 
out were 275° C. in the prelieating zone and 300° for the catalyst 
zone. A mixture of 16 cc. of SO 2 and 210 cc. of air per minute 
was passed over the catalyst. When dried with P20a the percent¬ 
age conversion was only 3.25 per cent. Using air in which the ratio 
of water to air was 0.0130, a conversion of 88 per cent was obtained. 
x\fter raydng the catalyst for 3 hours with rays from a tungsten 
target tube operated at 100,000 volts, the conversion rose to 94 
per cent. This value was maintained for 5 hours and then a rapid 
drop to 84.5 per cent ensued, followed by a recovery to 87.3 per 
cent after 9 hours and a slow decrease to a constant value of 84.3 
per cent. A second irradiation caused an increase to 87 per cent 
only, followed by slight evidences of the minimum and recovery 
noted after the first raying and then the gradual decrease to the 
same constant value of M.3 per cent. A third irradiation produces a 
practically negligible change in conversion. These results are shown 
graphically in Figure 1. 

The runs made on wet air gave a conversion which was nearly 
30 times that obtained when the gases were dried. It would seem 
almost impossible that moisture could have this effect if the mechanism 
of the reaction were a simple process, such as the adsorption of the 
reacting gases and reaction on the catalytic surface. It would seem 
essential that the moisture forms some compound with the SO 2 which 
is easily oxidized or some easily reducible oxide with the catalyst 
itself. The mechanism, suggested by Schwartz and Klingenfuss,® of 
the formation of an oxide with the platinum may explain the activa¬ 
tion of the catalyst in the presence of moisture. After X-ray activa¬ 
tion, probably by ionization, a measurable amount of material is 
attach^ to the catalyst, which is reducible by potassium iodide solu¬ 
tion. There is actually more oxygen in tht platinum catalyst after 
raying than before.. 

* Proe Nat. Acad. Sciences^ 11, 646 (1926). 

*Z. Blfktrochem., 28, 472 (1922); 29. 479 (1928). 



X-RAVS AND COLLOIDS 


149 


On tlie other hand, sufficient data are not yet available to per¬ 
mit an adequate explanation of the sudden drop in activity or ‘'tiring’’ 
of the catalyst five hours after raying, with subsequent recovery, or 
of the decreased effect of raying after the first time. Undoubtedly 
an adsorbed film of H 2 SO 4 on the catalyst is being built up to a 
thickness which is less easily ionized by X-rays. To the extreme 
sensitiveness of most catalysts to heat treatment and to poisons, as 
regards adsorption and activity, must be ascribed these complicated 
phenomena. 

The action here is in several ways strikingly similar to that found 
by Grube and Baumeister for the changes in potential of anodically 



Fig. 1, —Effect of X-radiation in moist atmosphere on conversion of SO 2 to SOa. 

polarized platinum electrodes under ordinary light and X-rays, both 
as regards the course of any one curve with time, and the smaller 
changes with subsequent exposures to radiation. Baur’s theory of 
photolysis may apply in both cases. The effects of a quantum of radia¬ 
tion on a molecule E is expressed as £ -j- hv = E* (active). Then 

9 P.nf + + +20H- = PtO, + H.O 

-_p^Q 

The changing relationships between these three transient oxides 
may account for the obser\'ed peculiarities. 

It is obvious that the present experiments are but preliminary 
because of the large nurhber of variables involved, which must be 
investigated: composition of gases, rate of flow, pressure, mois¬ 
ture content, preheating temperature, catalyst temperature, amount of 
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catalyst, time of raying, X-ray wave-length, runs after or during ray¬ 
ing, aging of catalyst, type of catalyst and support, particle size, etc. 

(5) The effect of X-rays on biolog^ical colloidal systems. It has 
been indicated that in all experiments designed to determine the direct 
action of X-rays, the variables are difficult to control. In the study 
of the action of X-radiation on living matter, certainly the most in¬ 
teresting and important both practically and theoretically, the addi¬ 
tional variable of life produces complexities which have so far de¬ 
fied satisfactory interpretation. As Dr. James Ewing ^ in his masterly 
Caldwell lecture “Tissue Reactions to Radiation” puts it: “Ultimate 
knowledge of the mode of action of radiation still eludes our grasp.” 
Speaking of action on human tissues, he says “More than a decade 
ago one could trace in detail the nuclear and cytoplasmic reactions 
following irradiation, the preliminary hyperemia, cell liquefaction and 
necrosis, the appearance of phagocytic cells, the growth of granula¬ 
tion tissue, the- extreme overgrowth of lymphocytes and plasma cells, 
the healing by supple scar tissue. . . . The very voluminous con¬ 
tributions of the past decade have served to clarify many details . . . 
but no new and fundamental principles of reaction have been estab¬ 
lished.” The subject by its enormity and by the vast number of un¬ 
connected, largely uncontrolled observations recorded in the literature, 
ranging all the way from a single cell nucleus to a complete human 
system, is appalling, particularly in light of the urgent need to have the 
ultimate knowledge which will permit accurate, scientifically founded, 

radiation therapy.® , 

In general, the rule holds that small dosages tend to activate and 
stimulate various functions and chemical reactions in biological col¬ 
loidal s3'stems, while larger dosages destroy, either instantly or after 
a latent period. This law has been tested on seeds, eggs, single cells 
and organisms of every imaginable kind. It has found practical ap¬ 
plications in the destruction of tobacco worm larvae, cotton boll weevil, 
the flour weevil (tribolium confusum), etc. Daily in great hospitals 
throughout the world cancer patients are being cured or relieved 
through the agency of X-rays or radium, in spite of the enigmatical 

phases. As inquiries into the ultimate nature of the action of rays 

upon tumor and tissue cells become more fundamental in terms of 
physics and chemistry, they become less satisfying in terms of biology. 
Such tissues are not merely aggregates of cells but are highly com¬ 
plex systems of related and interdependent structures; purely chem¬ 
ical or physical data can never explain their behavior. And, yet it 
is highly important to review briefly a few of these observations. 

, First, the cell and nuclear membranes become more permeable, 

J, Roentgenology and Radium Therapy, 15. 93 (1935). 

® Cf. Stenstrom, J. Cancer Research, 9, 190 (1925). 
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“The marked swelling of irradiated nuclei and the ballooning of the 
cytoplasm' are most easily and probably correctly interpreted as an 
increased capacity of these structures to absorb water, through an 
altered cell membrane. The nature of this cell change escapes us, 
but again assuming the simplest cause, one must suppose that intra¬ 
cellular chemical- changes produce new electrolytes by decomposition 
of salts, proteins and fats and that water is drawn in by simple 
osmosis.’' ^ One of the gross effects is the actual closing of blood 
vessels and a disturbance of the vascular supply. Unfortunately there 
are no simple chemical studies comparing normal with heavily irradi¬ 
ated tissue. Again, radiation inhibits cell ferments. Hussey has 
shown that simple solutions of pepsin or trypsin are inhibited in action. 
Theories of splitting of cholesterin, of ionization of cell constituents, 
of colloid coagulation by points of radiation heat (Dessauer), in¬ 
crease in H-ion concentration, alterations in the dispersion phase, 
changes in the electric charge of the colloidal constituents, disinte¬ 
gration of lipoids, changes in albumin, increase in the ratio Q = 
K(H2P04“-f HP04=)/Ca ‘ are among the observations and theories 
which may be laying the basis for the solution of the problem. Cer¬ 
tain it is that tissues must be considered as a whole. ^'Observations 
are thus slowly accumulating to show that irradiation, in addition to 
inhibiting or destroying tumor tissues where the cells have the pre¬ 
dominant function of growth, may exert a favorable influence upon 
the nutrition and metabolism of the body as a whole, may reduce 
the deleterious effects of the tumor and may possibly cause some non¬ 
specific protein immunization (derived from the dying tumor cells 
and called by Caspar! necrose-hormones) which increases the resistance 
of the body against the tumor, and in favorable cases may throw 
the balance of nutrition decisively against the unstably nourished 
neoplasm.” In the new joining of research forces to grapple with 
this great problem, with its manifold ramifications, the colloid chem¬ 
ist must play a great part. 

Ill, X-Rays as a Means to the Study of Colloidal and Amorphous 
Structure; 

While here again a new branch of science must be dealt with, 
the results so far obtained are considerably more definite and rdiable 
than can be said for the study of direct effects of X-radiation. 

( 1 ) The identification of the states of matter by X-ray diffraction 
patterns. It is just now becoming possible by means of X-rays to 
gain a true insight into the solid state. There exists no longer a 


® Ewing, loc. cit. 

Kroetz, Biochem. Z,, 151, 449 (1926). 
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sharp line of demarkation between crystalline and amorphous states. 
Present conceptions may be outlined briefly as follows; 

Crystalline. In crystals the atoms, ions or molecules are regu¬ 
larly arranged in space in parallel planes, which for any one set all 
alike are equally spaced. Figure 2 is the photograph of a large model 
of a sodium chloride crystal. X-rays are diffraoted in sharply de¬ 
fined directions as Laue spots or spectral lines. Even powders or 
aggregates characterized by random distribution of the single crystals 



Fig. 2.—^^Model of crystal of sodium chloride. 


or grains produce definite diffraction lines, These are sharp and 
uniform throughout when the diameter of the diffracting particles 
lies between 10'® and 10'® cm. If larger than 10“® cm., the diffraction 
lines become dashed and spotted as would be expected for larger single 
crystals; if smaller than 10'® cm., the lines become broader in propor¬ 
tion as the particle size decreases in the colloidal range. The equa-. 
tion connecting line breadth and particle size will be considered below. 
The lower limit of size which will still produce distinguishable though 
broad powder diffraction lines has not been accurately determined but 
is the subject of fundamental and quantitative study in the writer^s 
laboratory; certainly particles with a size as small, or films, as thin, 
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as one [n give very satisfactory crystal diffractions, provided, of course, 
that an undistorted crystal space lattice remains. 

Amorphous. In amorphous materials the atoms or molecules are 
not arranged upon a definite space lattice, nor even in equidistant 
parallel layers with otherwise perfectly random distribution. The 
typical diffraction results are general darkening of the film or, usually, 
one broad diffuse band (sometimes two or three), easily distinguishable 
from crystal spectra, even from the diffraction effects of colloidal crys¬ 
talline particles. Liquids, glasses, gels, ordinary unstretched rubber, 
resins, varnishes, celluloid and allied materials belong to this latter class. 
The appearance of even a single distinguishable band is, of course, 
a point of great interest, since it indicates chance formation of lattice 
structure during thermal agitation of molecules (particularly in liquids), 
or diffraction by regularly spaced atoms within randomly disposed 
molecules, or formation of molecular aggregates,® or crystal frag¬ 
ments.® De Smedt^® has shown that the position of these bands 
is very sensitive to polymerization and that the degree of polymeriza¬ 
tion can actually be calculated, assuming compact spheres, in the 
formula 

8 = 1.33 

where M is the simple molecular weight, d the density and n a whole 
number, representative of the degree of polymerization, which can 
bring the calculated value of 5 into agreement with the experi¬ 
mentally determined spacing a = 7.72V4jt sin 0/2, 0 being the angle 
of the diffracted cone of rays. Thus the value of w is 2 for ethyl 
■acetate and butyric acid, and 3 for paraldehyde and benzyl benzoate. 
These considerations of polymerization are being adapted with inter¬ 
esting results by the writer in the study of polymerized complex 
glycerides in linseed oil and cumarone derivatives. 

* Practically all so-called amorphous substances give these crystal- 
fragment, low-resolution phenomena, but a few give truly amorphous, 
general scattering, such as liquid mercury, metallic potassium at ordi¬ 
nary temperatures and certain carbon blacks discussed below. 

The Mesomorphic State. The recent classical paper by Friedel,^^ 
still far too little known and appreciated, has demonstrated the ex¬ 
istence of definite intermediate birefrihgent states between the crystal, 
characterized by discontinuous vectorial properties, and the amorphous, 
characterized by isotropy. His studies were particularly related to 
those organic substances,, largely cholesteryl esters, which form liquid 

Wyckoff. Am. J. Sci.. 5, 466 (1928). 

• Cff. Stewart, Morrow, and Skinner, Am. Phys. Sac., November, 1925, meeting. 
sac. cnim. Belg., 10, 868 (1924). 
chim. Phys. (7)i 18, 278 (1922). 
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crystals. As the temperature of the amorphous isotropic liquid is 
lowered, there appears discontinuously the nematic state, or the related 
cholesteric state, in which molecules have a common direction, but no 
other arrangement, then the smectic state in which the molecules are 
now also in equidistant parallel layers, and finally the crystalline, 
in which there is definite arrangement in all directions. Friedel has 
proved that the nematic state diffracts X-rays just as amorphous, 
periodicity-lacking substances; the smectic state gives X-ray diffraction 
lines corresponding to the parallel-layer arrangement. Recent efforts 
to criticize Friedel’s classification based upon results with long chain 
acids, have been set at naught by Friedel's proof that the substances 
were truly crystalline in producing side spacings on X-ray films charac¬ 
teristic of molecular cross-sections, in addition to the larger spacing 
corresponding to length. 

The mesomorphic phases, therefore, represent the primary orienta¬ 
tion of the molecules in parallel thermal layers in melts or solu¬ 
tions. This results, according to the theory of Rinne,^^ in swarms 
of minute colloidal crystallites which combine with a growing nucleus 
to give the completed crystal. 

Two new terms will be used to describe the intermediate states 
which are neither amorphous nor crystalline in the classical sense. 
These states represent the first tendencies for molecules and atoms 
to orient symmetrically as to direction and spacing. The paracrystaL 
line state is that involving the true, incipient and transition processes 
which ultimately yield the true crystal with its permanent symmetrical 
disposition in direction and space. The metaerystalline state is a 
transient symmetrical arrangement of diffracting centers under spe¬ 
cial external conditions, which is not a transition towards a true' 
crystal. The best example of the metacrystalline state is stretched 
rubber and gelatine. As will be described later, stretching causes a 
s}inmetrical arrangement of molecules in spacing and direction so 
that X-rays may be diffracted in a manner analogous to that in 
true crystals; release of the tension on the specimen causes a return 
to the original condition. 

In liquid crystals the long molecules have oriented themselves 
in their own electrostatic field. A similar result may be accom¬ 
plished artificially. Molecules of CSo, C 0 H 0 NO 2 , etc., orient in an 
electric field (Kerr effect); fatty acid molecules definitely are oriented 
at interfaces; many adsorption phenomena on catalysts and other sur¬ 
faces must involve orientation. Remarkable verification is found 
in recent optical observations by Rinne on adsorbed water in zeolites, 
layers replaced by alcohol, mercury,. etc., and of Frey, who found 
that dyes impregnating plant fibers and inducing birefringence and 

^ Naturwissensckaften, S2, 691 (1925). 
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pleochroism are not in the state of small crystals but molecules di¬ 
rected by adsorption forces. Sols of Fe(OH)g, VoOo, benzopurpurin 
4B, etc., are shown optically to undergo definite spontaneous struc¬ 
ture formation. These interesting fields are now being subjected to 
careful X-ray study in the writer’s laboratory. Sharp diifraction 
effects are not to be expected obviously if these paracrystalline layers 
are only one or two molecules thick. Some experiments with oleic 
acid in an extremely fine capillary tube indicate very surely that the 
long molecules are being constrained to parallel layers, for the usual 
single amorphous band for the liquid in mass becomes noticeably 
narrower and there are faint evidences of other bands on the photo¬ 
graphic film. 

Certain carbon blacks display other phases of the paracrystalline 
state of matter. The transitions here, as also possibly in the very few 
cases of amorphous solid metals, oxides, etc., occur entirely in the 
solid state from amorphous to crystalline limits. Debye and Scherrer 
upon the basis of X-ray examination decided that there were only 
two modifications of carbon, graphite and diamond, and that so-called 
amorphous carbon was merely graphite in an extremely fine state of 
subdivision. Clark and Aim, however, agree with Ruff, Schmidt 
and Olbrich in that the amorphous state actually is the third modifica¬ 
tion of carbon and that there is a paracrystalline state between 
amorphous and crystalline. Certain charcoals and blacks produce only 
the characteristic amorphous scattering. For some of these even the 
single broad diffuse band on the X-ray diagram is very ill-defined. 
These carbons are characterized by high adsorption activity inasmuch 
as the carbon valences are essentially unsatisfied, a definite solubility 
in oxidation media, and a definite specific electric resistance. As they 
are subjected to heat treatment, for example at 1100° C., the activity 
decreases, the solubility decreases, and the specific resistance decreases 
to values corresponding to graphite, but the X-ray diagram remains 
essentially unchanged. This transition can be followed perfectly 
through the intermediate stages during heating at high temperatures 
for varying lengths of time. The considerable lag of the change in 
X-ray structure behind the change in the physical and chemical prop¬ 
erties is evidence of the paracrystalline state, in which by. vaporiza¬ 
tion and diffusion processes, the atoms are becoming linked by valences, 
but the layers so arranged are still too few, or are so distorted and 
bent that graphite interference lines are impossible. The amorphous 
ring, however, tends to become more sharply defined; other l3ands 
close to the center begin to appear very faintly as the heating is 
increased; next, outlying bands corresponding to graphite interfer-, 
ences which have been so diffuse as not to appear visible, define 

« Z. anorg, Chem., 148. 313 <1926). 
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themselves and then, continuously but very rapidly, the entire graphite 
spectrum appears. These studies would seem, therefore, a direct evi¬ 
dence of far more continuous transitions between amorphous and 
crystalline than is true in the apparently discontinuous changes from 
amorphous fluid to mesomorphic liquid crystal to crystalline solid. 

(2) The X-ray structures of colloids. It is clear that colloids 
may give diffraction effects characteristic of crystals, of the inter¬ 
mediate paracrystalline condition, or of amorphous substances. Col¬ 
loidal metal sols in general give the diffraction patterns characteristic 
of the massive material, except that the lines are broader in propor¬ 
tion as the particle size is smaller. The outer interferences on a 
powder diffraction spectrum, which are normally weak in comparison 
with low-order diffraction lines close to the zero position for densely 
populated planes, may actually disappear because the energy is spread 
over greatly widened lines when very small particle size or a para¬ 
crystalline condition is reached, while the inner interferences remain 
visible though greatly diffused^* Thus calculation will show that 
particles containing 5 or 6 carbon atoms will show visibly only the 
innermost interferences, greatly diffused and characteristic of the para¬ 
crystalline condition. 

Even eels, rubber, glue, resins and liquids will show a diffraction 
band which might be identified as the paracrystalline broadening of those 
interferences which would appear if the material were crystalline. This 
has certainly been proven by Stewart, Morrow and Skinner for molten 
and solid naphthalene, a-i and P-naphthol, the broad interferences of the 
liquids persisting to the freezing point, 

(3) The practical determination of crystallinity. Several inter¬ 
esting researches have established the qualitative value of X-ray dif¬ 
fraction for the study of the conditions of precipitation for true gels 
or for crystals of a desired size particularly of such hydroxides as 
aluminium, zinc, calcium, etc. Similarly the X-ray detects with great 
sensitiveness the aging of gels and the first appearance of any separat¬ 
ing crystalline nuclei not discernible by any other method. 

(4) The determination of particle sise. By virtue of the fact 
that the diffraction lines from crystalline particles with a diameter 
less than cm., become broader, Debye and Scherrer were able 
to derive their equation connecting line breadth with particle size: 


B 


1 n - 


1 




D ’ cos 0/2 




where B is the angular breadth of a diffraction halo measured between 
points of half-maximum intensity, 0 is 'the diffraction angle, X the 

** Z.OC. cit. 
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wave-length, D the average thickness of the crystal parallel to a cubic 
axis, and b is the minimum breadth determined by the particular ap¬ 
paratus. Debye and Scherrer in this way determined the size of 
colloidal gold particles as 18.6 A.U., or about 4 to 5 times in any direc¬ 
tion the size of the ultimate unit crystal cell of gold. 

Clark, Asbury and Wick were the first to make a study of 
particle size as related to the activity of finely divided catalysts. 
They measured photometrically the line breadth of diffraction spectra 
from a number of nickel catalysts, with identical crystal lattice type 
and dimensions, prepared in various ways, and differing in catalytic 
activity in hydrogenation and dehydrogenation processes. Most of 
the catalysts consisted of particles somewhat larger than ICh® cm., 
and the Debye-Scherrer equation did not hold. In general, increase 
ill activity and decrease in particle size did not run parallel as might 
be expected, but, within certain limits of size, actually opposite. 
Thus a catalyst, prepared by reduction with sodium hypophosphite and 
possessing distinctly the smallest particles in the colloidal range, was 
relatively inactive. 

New unpublished studies by Clark and Aborn, however, on 
p'atinum catalysts used in the contact sulfuric acid, process, show a 
more promising relationship between decreasing particle size to an 
optinmm size, with increasing activity. A large number of difficultly 
controllable variables are concerned since* the particle size is deter¬ 
mined not only by the metal and by the state as a '‘black” or a sponge, 
but by very slight differences in any given method of preparation. 
Anticipating these results Levi and Haardt^® have made a beautiful 
study of particle size of the platinum family of metals from the 
photometered X-ray diffraction spectra, with the result that the granules 
of Pt were 12 to 29 times as large on the side as the unit cube; Pd 
13 to 29, Rh 6, Ir 4, Ru 7 to 8, and Os 6 (latter two hexagonal). A 
good automatically registering densitometer is essential to such studies 
of line breadth. The lower limits in size are comparable with col¬ 
loidal preparations of the highest degree of disj^ersion. This type 
of investigation can be applied with great value to the study of 
all paints, pigments, dyes, enamels and allied substances. As an 
example may be shown diffraction spectra of three samples of 
stannic oxide, SuOg. It is interesting that cassiterite, artificially pre¬ 
pared SnOo and metastannic acids all yield the same characteristic 
spectrum for a tetragonal lattice similar to that of rutile, Ti 02 , with 
two molecules in the unit cell of dimensions ao = 4.72 and Co = 3.16 
A.U. Figure 3A is the spectrum for one of the samples in which 
the particle size lies in the diameter range between Kh® to 10^ ctri. 

w/. Am. Chem, Sac:, 47, 2661 (1925). 

Accad. Uncei (6), 8, 91 (1926), . 
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The lines are numerous and so sharp that the Ka doublet of molyb¬ 
denum is easily resolved. The particles are, therefore, of the order of 
1000 times as large as the unit tetragonal prism for the oxide. 

Figure 3B represents another sample of equal purity but of 
smaller particle size. Numerous lines are still present but they are 
broader, the a doublet is not resolved and some of the outermost lines 
observed in the first sample are no longer visible. It happens that 
the size here is just below the limit of the range for sharp lines, 
or about 2 X 10"® cm. Hence the particles are 50 times as large 
as the unit prism. Figure 3C represents the practical limit of visible 
crystalline diffraction. Not more than four very broad lines in the 



A 



C, 


Fig. 3.—Diffraction spectra of three samples of SnO» showing how particle size 

affects line width. 

position of the most intense SnOo interferences are visible. This 
spectrum has not been microphotometered, but rough measurement 
and calculation gives a value of D in the Debye-Scherrer equation of 
about 5 X lO"" cm. The particles are only about 10 times as large 
as the unit cell, and hence are comparable with extreme colloidal 
dispersion. The importance lies in the fact that the opacity and 
covering power of paints, enamels, etc., varies greatly with the particle 
size. It is experimentally possible to obtain all possible gradations 
between the last two spectra, and hence to control the production of 
Sn 02 for any desired property. 

Another interesting field for the study of colloidal particle size 
is in metals. Martensite, one of the phases of the metastable iron- 
carbon diagram, always gives broad diffraction lines in the same 
positions, as for pure a-iron (body-centered cubic). So diversified 
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are the theories concerning martensite that Sauveur has recently 
collected the opinions of 22 authorities in order to arrive at some 
common basis. The consensus seems to favor a solid solution of 
a-iron and carbon. Westgren calculated from his spectra a particle 
size of lO""^ cm., and Wever found 10"®. Very recently, with the 
assistance of a precision microphotometer, Selyakow has deter¬ 
mined the size as 2 X 10"® cm. He has followed also the effect of 
heat treatment in narrowing the diffraction lines and causing the 
appearance of cementite, FeaC at 625° C. Clark and Brugmann in 
studying the structure of case hardened steel, which is martensite 



Fig. 4. —Pinhole diagram of case hardened steel showing very small grain size, 

and troostite very largely, found the characteristic very broad diffuse 
diffraction bands, indication of a particle size nearer lO*"^ than 10'® 
cm. A typical X-ray pinhole diagram is shown in Figure 4. Lucas 
has observed under his ultraviolet microscope that even troostite appears 
as a perfectly homogeneous mass indicative of subultraviolet crystal size, 
except for faint evidences of crystalline form at grain boundaries under 
polarized light. 

Clark, Brugmann and Kaufmann have recently devised an ap¬ 
paratus for taking X-ray diffraction photographs of surfaces.^® A 
photograph of the apparatus is shown in Figure 5. A beam of 
X-rays defined by pinholes impinges upon the surface of the speci¬ 
men on the central mounting which can be inclined to a definite 

Tr(m9. Am, Inst. Mining Met. Eng., 1926. 

Trans, Phys. Teck. Lab. Leningrad, 100, S4 (1925). 

Announced at Tulsa meeting of^the Am. Chem, Soc., Apr. 1926. 
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angle of incidence, 0. Automatically the flat film cassette is inclined 
at 20 so that the diffracted X-rays will fall normally upon the film. 
By varying the angle of incidence it is possible to secure different 
degrees of penetration into the specimen. In Figure 6 is shown 
the structure when a beam barely grazed the surface of a worked 
duralumin specimen. The diffraction rays are so broad that they 



Fig. 5.—New apparatus for study of surface reflections. 

practically merge into each other. Hence the outermost grains have 
been broken up into particles of colloidal dimensions and probably 
distorted in the rolling process. The theory of amorphous metal on 
rolled surfaces is, therefore, not so visionary as recent investigations 
might indicate. A slightly greater angle of incidence brings out 
the typical sharp rings characteristic of grain size in the interior 
metal only a very few atom layers below the surface, as shown in 
Figure 7. With this simple apparatus remarkable results are being 
obtained on surfaces and very thin films of many kinds. 
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Fig. 6.—Diffraction photographs of rolled duralumin sheet taken on apparatus in 
Figure 5 with 5“ grazing angle of incidence; distortion and breaking up of 
grains on surface are indicated. 



Fig. 7.—Same as Figure 6 excepting that the angle is 25®. Note regular reflections 
from well-defined interior crystals. 


Davis and von Nardroff have recently presented a mathematical 
relationship depending upon refractimi by small. particles, which may 
be of great importance in the range of particles between 10^® and 

^Am. Phys, Soc,, April, 1926, meeting, Washington, D. C. 
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10-® cm., not otherwise measurable. They find experimentally upon 
their rocking spectrometer an effective particle size in a sample of 
graphite of 3.5 X 10‘“ cm. 

(5) The structure of rubber by X-ray analysis.. For more than 
a year and a half the writer has been using X-ray methods in the 



Fig. 8. —New Multiple X-Ray Spectograph combining the powder diffraction and 
monochromatic pinhole method. 


investigation of the fundamental ultimate structure of rubber and 
allied substances.-^ The detailed observations have not been pub¬ 
lished. Recently, however, several papers by J. R. Katz**® have 
appeared, which report the results of comprehensive experiments on 
the structure of rubber as revealed by X-ray examination. The 
essential results have been confirmed both in the writer’s laboratory 
and by Hauser and Mark.^® The pinhole method, with X-rays of a 


Clark, Am. J. Roentgenology and Radium Therapy, 12, 656 (1924). 

^Chemische Z., 49, 358 (1926); Naturwissenschoften, 30, .410 (1926): Z. angew. 
Chem..Z^, 489, 545 (1925); Kolloid.-Z., 36, 300; 37, 19 (1925). 

. «fcnrtschuk, December, 1925, p. 10. 
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single wave-length from a copi>er target X-ray tube, has ]:>een used to 
best advantage by all investigators on rubber. The new multiple mono¬ 
chromatic pinhole apparatus used in the writer's work is shown in 
Figure 8. It has been fully described in a recent paper 

The structure of ordinary rubber. Any sample of pure Hevea 
or vulcanized rubber produces the X-ray diagram typical for an 
amorphous material, i.e., ^ single broad diffuse ring. Such a diagram 
is shown in Figure 9. This fact has of course been known for sev¬ 
eral years. 



Fig. 9.—X-Ray Spectrum of pure unstretched rubber. 

Crystalline material in raw rubber. Many samples of rubber be¬ 
fore mechanical or heat treatment contain crystalline material. This 
is proven by the presence of practically continuous concentric rings 
(Debye-Scherrer-Hull), indicating also random arrangement, in addi¬ 
tion to the amorphous band. Katz reports the following results: 

Yellow crepe . Crystal interferences 

Thick white crepe (shoe soles)... 


Light brown crepe... 

Ribbed smoked sheets.. . very good 

Raw para rubber, washed and dried. doubtful 

*‘Patentgummi,” light yellow unvulcanized.... good 

‘Tatentgummi,” brown unvulcanized.. excellent 

Dried latex ... 


These crystalline ring interferences on the films disappear when 
the rubber is masticized or heated and do not reappear. They re¬ 
main, when the raw rubber is stretched even to a large per cent 
extension. Hauser and Mark have been unable to discover crystals in 

** Clark, Brugmannj and Aborn, A Opticai Soc, Am. and Rev. SH. Insds., 1^, &79 (1926). 
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any of their samples of raw rubber, and Clark and associates have found 
only doubtful evidence in one or two cases. 

Pummerer and Koch 2 ® have been able recently to isolate color¬ 
less and comparatively nc‘n-elastic crystals from smoked sheets by 
repeated extractions and imrifications. The analysis of the crystals 
indicated pure CsHs. An X-ray powder diffraction spectrogram had 
lines corresj^nding to a monoclinic crystal lattice and a unit crystal 
cell of the dimensions 4.83 X 4.71 X 5-33 X 10“® cm., and an angle 
between axes of 77° 19'. The cell contained only one molecule of 
CgHs, as calculated from tlie volume of the cell and the density of 
the crystals (0.94). In several trials Clark ana associates have been 
unable to duplicate this work. 



Fio. 10.—X-Ray spectrum of pure rubber stretched 500 per cent. 

Effect of freeing rubber, Katz, as well as others, has attempted 
to cause rubber to crystallize at low temperatures. All efforts so 
far have failed to produce any change in a product which gives the 
anmiphous X-ray diagram. The results of experiments by Simons 
and Simson who are subjecting rubber to temperatures of —183° C. 
for some time, will be awaited with interest. 

The effect of stretching rubber. This effect is by far the most 
important of all those^ observed. In all cases when the rubber is 
stretched, the X-ray diagram shows a marked change. In addition 
to the amorphous ring which is always evident, but decreases in in¬ 
tensity with increase in elongation, there appear, definite interfer¬ 
ence s^ts, which become sharper and more distinct the greater the 
stretching, but retain the same position. Pure Hevea rubber niust 

488. 294 (1924). 
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be stretched about 75 per cent before the crystal-like spectrum appears. 
From here on to the breaking point the specimen produces a pure 
fiber diagram with the spots lying on hyperbolas as shown in Figure 
10. There is no tendency for the spots to merge into the rings char¬ 
acteristic of random arrangement. Hence, here is a case of the 
appearance during the stretching of metacrystalline diifracting mate¬ 
rial, all arranged parallel with respect to the direction of the applied 
tension. The exactness is indicated by the fact that the spots lie 
on hyperbolas as they should for perfect fibers.^® The interference 
points resemble those caused by true crystals in that the sines of the 
half-angular distances from the primary ray increase proportional to 
the • wave-length. Thin, strongly stretched threads of pure rubber 
show crystal interferences of an intensity comparable with that ob¬ 
tained with pure organic compounds. Control researches with purest 
rubber, free from resins and foreign inclusions, show the structure, 
hence it may be concluded that the hydrocarbon (CsHs) is actively 
concerned. 

Vulcanized rubber must be stretched as much as 250 per cent 
before the fiber structure appears. In this case the diagram at first 
appro5|.ches Debye-Scherrer-Hull rings with strong localized maxima, 
indicating incompletely perfect orientation of the units. Most syn¬ 
thetic rubbers act similarly, although some break before tliey can be 
stretched sufficiently. Clark and Lanyon have found that the per¬ 
centage elongation required to produce a good diagram depends very 
markedly upon the previous history and composition of a sample, 
some requiring as much as 800 per cent increase. 

The entire phenomenon is reversible if the specimen is not too 
strongly stretched; that is, upon releasing tension the amorphous dia¬ 
gram is again obtained. In some cases evidences of fiber structure 
are still apparent a half hour or more after the release of tension, 
particularly when the specimen does not shorten to its original length. 

The nature of the crystals. The question which naturally occurs 
is whether this metacrystalline material existed before the stretching. 
It might be possible that the interferences are weak because they are 
distributed over the entire 360® of the circular X-ray diagram, whereas 
they are concentrated into small easily visible arcs upon stretch¬ 
ing. However, all the evidence seems to support the contention that the 
crystals do not exist as such, prior to the stretching. When raw rubber 
which is partially crystalline even unstretched, is stretched, new in¬ 
terference maxima appear on the already apparent circles which per¬ 
sist even with the greatest tension. The latter disappear upon warm¬ 
ing but the fiber diagram reappear upon weakly stretching the sample. 
Unstretched rubber is amorphous; stretched rubber has two constitu- 

•• Polanyi, Naturwissewchafien, 9, 880 (1921). 
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ents, metacrystalline and amorphous. Molecules or elementary units 
o£ an associated molecule in preformed swollen aggregates may arrange 
themselves regularly by virtue of the tension, and thus produce the 
metacrystalline condition. 

The lattice dimensio^is. Measurements by Katz of the X-ray in¬ 
terferences of all the stretched rubber samples indicate, a unit crystal¬ 
line cell of the approximate dimensions 8 X 6j54 X X cni. 
Hauser and Mark’s values, for an orthorhombic unit cell containing 8 
molecules, are 8.0 X 8.6 X 7.68 X lO"® cm. This is very small when 
the polymerized rubber molecule as usually visualized is considered. 
The unit cell has been heretofore always associated with at least one 
molecule; in rubber and cellulose each cell contains only a portion of a 
polymerized molecule. These portions must be all alike and held to¬ 
gether in the aggregate by secondary valence forces. 

Ott has recently found a specimen of crepe rubber which yielded 
sharp interferences. The innermost of these, as is always the case 
in powder diifraction spectra, corresponds to the largest spacing in the 
unit cell, and for X-rays from an iron target, has an angle of inci¬ 
dence in nX = 2d sin © of 8° 42'. The value of d is therefore 6.37 A.U. 
or the volume of the largest possible cell, 5®, is 259 A.U.® These values 
are almost exactly checked on films taken by Clark and Langen, Taking 
the Bragg values for the radii of C = 0.77 A.U. and H = 0.73 A.U., 
and assuming close packing, the volume of CoHg would be 5 X (2ro)® + 
8 X (2ni)®. 18.26-f 24.88 = 43.1 A.U.® The determination of the 
maximum volume is therefore six times as large, or in other words, 
the maximum formula for rubber is (C 5 H 5 )e. 

The effect of fillers and inorganic mixtures. Rubber mixtures con¬ 
taining sulfur, zinc oxide (ZnO), magnesium oxide (MgO), lead 
oxide (PbO), ferric oxide (FcaOs), barium sulphate (BaSOi), mer¬ 
curic sulfide (HgS), graphite and magnesium carbonate (MgCOs) 
show the typical fiber diagram for rubber when stretched. In addition 
all give rise to the Debye-Scherrer-Hull rings characteristic for the 
finely powdered inorganic constituents of the mixture. The grains of 
magnesium carbonate alone, under normal circumstances, show any 
tendency to assume a fiber arrangement during stretching, for above 
300 per cent extension the magnesium carbonate rings become discon¬ 
nected arcs.. This method of examination should prove very fruitful in 
determining the size, properties, and chemical combinations of the added 
inorganic substance after vulcanization, by comparison with the X-ray 
diagrams of the pure substance. 

X-ray structure and physical properties. . The facts brougfit out by 
the X-ray examination explain those physical properties which so 
peculiarly characterize rubber. During stretching for the first 75 per 

Naturwissenseiu^ien, 16, 820 (1926). 
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cent in pure rubber a gel substance characterized by small Huidity and 
large elasticity predominates. From this on threads or meta-crystals 
of a strongly cohesive and much less ductile substance account for the 
much smaller elongation for a given force before breaking. The effect 
discovered by Joule in 1857, tliat rubber heats upon being stretched 
while other substances cool, is explained by the heat of crystallization. 
Upon the basis of the X-ray structures the material might be expected 
to cool in the first stages of stretching. Joule found that this was 
indeed true for rubber. The recent remarkable researches of Freund- 
lich and Hauser**® with the micromanipulator have shown that the 
latex particles have an inner milky portion which becomes hard upon 
vulcanization, and an outer polymerized skin. These must be respon¬ 
sible, respectively, for the amorphous and the crystalline parts of the 
X-ray diagrams. The present writer has found that all hard rubbers 
indeed are amorphous in their ordinary state.. 

6. Balata and giitta percha. In unpublished studies carried on a 
year and a half ago on the structure of balata, a coagulated latex similar 
to rubber, and often used with it, Clark and Brugmann found it to be 
distinctly crystalline under all conditions, although some amorphous 
material is also present. The commercial, unstretched, uncallendered 
material produced several concentric rings of uniform intensity indi¬ 
cative of chaotically arranged crystals. This structure was retained 
after careful extraction of the material. With a specimen to pho¬ 
tographic film distance of 10 centimeters the following measurements 
were made on the easily visible rings. 


Distance on 


No. 

Film 

Tan 2 6 

6 

X 

d 

1 

1.17 cm. 

0.117 

3.34*^ 

0.71 

6.10 

2 - 

1.35 

0.135 

3.85** 

0.63 

4.61 

3 

1.57 

0.157 

4.46*^ 

0.71 

4.58 

4 

1.90 

0.190 

5.40** 

0.71 

3.77 

S 

2.35 

0.235 

6.62° 

second 

order of 1 

6 . 

2.70 

0.270 

7.55° 

u 

« <1 2 

7 

3.15 

0.315 

8.80° 

tt 

(C u 2 

It will be observed 

that the largest spacing 

is approximately the 


same as that for rubber. Hence the formula (C 5 H 8)6 must also rep¬ 
resent the maximum unit cell formula for balata. When balata is 
stretched hot or, cold, SO per cent, the diffraction diagram changes from 
circles to symmetrically arranged arcs characteristic of a fiber and, of 
rolled or drawn metals, but the spacings remain unchanged. 

Ott has recently taken diffraction photographs of gutta percha. This 
is definitely crystalline like balata and the largest spacing is 8.12 A.U. 
Calculating as for rubber,, the maximum number of molecules of C^Hs 

^Kottoid-Z,, 86, .16 (1936). 
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in the unit cell is 12; in other words gutta percha is fundamentally 

7. Gelatin, Collagen, and Glue, It may be predicted that all sub¬ 
stances which shorten when they are warmed in the stretched condition, 
such as gelatin, glue, muscle fibers, etc., should display X-ray phe¬ 
nomena similar to rubber. Clark and Lanyon have found that pure, 
ashless, isoelectric gelatin unstretched produces a broad “amorphous*’ 
ring corresponding to a spacing of slightly less than 4 A.U. and an outer 
sharp ring related to a crystalline spacing of 2.79 A.U. 

Katz and Gerngross^^ have verified the prediction for stretched 
gelatin and Herzog and Gbnell®® for collagen (gelatin minus water). 
For a pure, ashless, isoelectric gelatin gel the former obtained a diagram 
which agrees exactly with that independently observed by Clark and 
Lanyon. When stretched SO per cent the sharp circle became merely 
two unconnected crescents in the stretching direction, showing the 
preferred orientation of the crystals originally present. At 100 per 
cent elongation larger elliptical intensity maxima appeared on the film 
perpendicular to the stretching direction, one pair joined to the central 
direct beam and corresponding to a spacing of 10 A.U. and the otlier 
pair on the inner side of the broad “amorphous” ring corresponding to 
5j4 A.U. These are connected with the arrangement of diffracting 
parallel layers during stretching. Almost identical results were ob¬ 
tained from fibrous collagen (tendon of Achilles). 

Herzog and Gonell studied apparently unstretched collagen from six 
separate and widely varied sources, including three from connective 
tissues and three from cartilage. The diagrams for all except fish 
scales were cloudy, showing the presence of amorphous material with 
the crystalline. In some cases digestion with trypsin solution removed 
the amorphous material leaving the crystalline. The crystalline com¬ 
ponent of all the collagens gave exactly the same diagram. The elastin 
from the neck ligament of cattle thus appears identical with collagen. 
The interference bands are not numerous enough to establish the crystal 
system. It is clear, however, that the mass per unit cell must be far 
less than that corresponding to such formulas as CsrHotOisNu (Proc¬ 
tor) or C8aHa20i2Ni6 (Wilson). Thus a molecule occupying an 
elementary cell of a collagen crystal cannot contain all 13 of the amino 
acids found in gelatin. Most of the amino acids, therefore, appear to 
be present as the amorphous impurities. A unit cell of maximum 
dimensions corresponding to the strong crystalline diffraction line 
(2.79 A.U.) would contain even less than so simple a molecule as 
CsHsON (roughly the Proctor molecule divided by 11). 

Clark and Lanyon have studied glues and found the ashfree ma- 
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terial practically identical with gelatin in that the X-ray diagram shows 
an amorphous band (identity period 4 A.U.) but different in that out¬ 
lying sharp crystalline lines, characteristic of isoelectric gelatin, never 
appear. Stretched samples (glue and glycerin printing roll mixtures) 
also behaved as stretched gelatin. Space does not permit tabulation of 
the large number of varied experiments on the structure of glue. 
Adhering films of glue showed no property essentially different from 
those of blocks of the material. It may be safely concluded that adhesion 
is a mechanical solidification of the gel around and upon minute fibers. 
This is borne out by photomicrographs of great magnification. 

Varnishes, waxes, etc. Shellac has been found to be distinctly 
crystalline, for the diagram is a series of concentric sharp circles for a 
fundamental spacing of 3.67 A.U. Polymerization during heating may 
be followed perfectly, for the crystalline diffraction rings gradually 
disappear, and the intensity of a broad “amorphous’’ band increases. 
Clark and Aborn, working with dried linseed oil films, found usually a 
characteristic broad diffuse band, but under certain conditions of ex¬ 
treme oxidation numerous broad bands and sharp crystalline lines of 
great significance. The crystals seem to be in very thin layers. These 
results will be reported in detail after further careful work. New 
experiments have verified the crystalline nature of greases, paraffin, 
soaps, fatty acids, etc. Clark and Graves have made the first careful 
measurement of the side spacings for the unit cells in commercial 
paraffins. There is a definite increase in these values (4 to 6 A.U.), 
for the cross-section of the cells containing the long carbon chains, with 
increase in melting point of the paraffin waxes. 

Most of the resins from coal tar produce only a single broad band, 
whose position, however, is very sensitive to polymerization. Those 
which are unsatisfactory in practical service in varnishes, etc., contain 
distinctly crystalline material which can be detected easily by X-ray 
analysis. Upon the basis of these observations further quantitative 
studies relating structure to physical properties are being made. Natu¬ 
ral resins invariably contain both amorphous and crystalline matter. 

8. Cellulose, Space does not permit adequate presentation of all 
the information which has been obtained on the X-ray analysis of 
cellulose. The outstanding results in more or less chronological order 
may be briefly enumerated as follows: 

(1) C. von Nageli many years ago iEound that cellulose has the 
property of doubly refracting light; hence cellulose possesses some 
crystal structure. 

(2) This property has been confirmed by X-ray investigation in 
natural fibers, celluloses precipitated from various dispersions (viscose, 
etc.) and their fibers most recently in. the studies of Clark, Lanyon, 
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Freudenthal and Kulp on cotton, wool, silk, hemp, sisal, ramie and 
all varieties of rayon. 

(3J The acetyl derivatives of cellulose can be crystallized from 
their solutions into very definite crystals with faces. 

(4) Debye and Scherrer obtained X-ray interference diagrams 
from cellulose in 1916, confirming indications from (1), (2) and (3). 

(5) Herzog, Jancki and Polanyi showed that celluloses from 
different sources produce interferences for the same crystal system and 
same axial ratios. 

(6) Herzog, in careful evaluation of Debye-Scherrer diagrams, 
found the axial ratios to be 0.6935:1; 0.4467. Therefore, the crystal 
cell belongs to the rhombic system. 

(7) Herzog with the monochromatic pinhole method proved that 
cellulose powder produces diffraction rings; with the beam parallel to the 
length, fibers show diffraction rings; and with the beam perpendicular 
to the length of the fibers they show the fiber diagram. The conclusion 
is that cellulose fibers consist of crystallites joined end to end through¬ 
out the length of the fiber. 

(8) Depending on the previous treatment, either mechanical or 
chemical, so does the diagram vary. 

(9) Herzog and Jancke evaluated the dimensions of the elemental 
cellulose body as 7.9 X 8.45 X 10.2 A.U., the calculated number of 
CeHioOs molecules composing the elemental cell is 4, 

(10) Mark and Katz found that mercerized cellulose no longer 
shows a cellulose spectrum but new bands are manifested. There is no 
change in relative intensities of maxima, and amorphous rings appearj 
all indicating the formation of a new compound. 

(11) With very pure cellulose the original diagram disappears at 
•the same alkali concentration as breaks in Vieweg and Heuser’s alkali 
adsorption curves, corresponding to the formation of (CeHio 06)2 
NaOH and (CoH,o 05 )NaOH. 

(12) These new bands occur at. the same places whether the alkali 
is NaOH, KOH or LiOH. There is a possibility, therefore, of con¬ 
version of the cellulose to an isomer by the alkali. 

(13) A similar change occurs with HNOs, but not with HCl or 
H 2 SO 4 . There is an open question as to the possibility of “cellulose 
hydrate*' formation. 

(14) Sodium hydroxide-alcohol-water , solution gives the same 
changes as, sodium hydroxide-water solution, but the strength of the 
alkali in the former case causing disappearance of the original diagram 
does not check the alkali adsorption curves for sodium hydroxide- 
alcohol-water solution. 

(15) When regenerated by thorough washing, cellulose gives the 
original cellulose diagram, with the, lattice enlarged about 4 per cent, 
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and a new band. There is, therefore, only a partial reversion of the 
swollen material to the original cellulose. 

(16) No measurable differences are noted in the space lattice of 
swollen and unswollen cellulose, hydrafed cellulose and artificial silk 
fibers. Swelling is clearly due to imbibition of water between the unit 
cells., 

(17) Freudenthal and Kulp, working with the writer, have estab¬ 
lished the fact that all cellulose is crystalline except the diacetate rayon 
which is amorphous. The degree of fibering, however, varies widely 
from a minimum in viscose to a maximum in natural fibers, particu- 



Fig. 11.—X-Ray diagram of ramie fiber. 


larly ramie, whose diagram is shown in Figure 11. Tension on the 
fiber and the solution dispersion in rayon production have large effects 
upon the fibering as disclosed by X-ray diffraction. 

(18) In this investigation also it has been found that the impurities 
are an integral part of the cellulose crystals. Pectins, rosins, etc., in¬ 
cidentally present, do not effect the diagram; the integral impurities are 
degraded celluloses. Profourid changes in intensities of the X-ray 
diagrams . following purification with 1 per cent sodium hydroxide 
solution are not clearly understood. However, these observations place 
serious doubts on the jacture of the cellulose crystal units embedded in 
waxes, rosins and pectins. 

(19) The largest spacing observed in common on all cellulose dia¬ 
grams was 5.7 A.U. A maximum cell is therefore d* or 185 A.U. Cal- 
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culating the volume for one CeHioOe residue from Bragg radii values of 
0.77 for Carbon, 0.73 for Hydrogen and 0.65 for Oxygen gives 64 A-U.** 
Hence a maximum unit cell formula is (C 6 Hio 05 ) 3 , in spite of Her¬ 
zog’s dismissal of the value of 3 as impossible. It is interesting to note 
that the spacing corresponding to the strongest intensity maxima on 
all the fiber diagrams is 4.0 A.U. A unit cell built with this dimension 
would hold exactly one CcHioOs residue with the atoms filling all the 
space. Again it must be emphasized that the X-ray data differs by 
its very nature from physical or chemical estimates of molecular or 
polymer size in cellulose, rubber, gelatin, etc. In every case the unit 
crystal cell is far simpler than anticipated. This means either that the 
real molecules are simpler but appear in macroexamination colloidal or 



A 


B 


Fig. 12.—Structure of electrodeposits of lead from fiuoborate electrolytes; A 
without one per cent gelatin; B with one per cent gelatin. 


secondary valence aggregates, or that there are structural periodicities 
within large loosely bound molecules which diffract X-rays as if there 
were layers of discrete molecules. 

(20) Ott®^ has recently made beautiful pinhole photographs of 
cellulose and substances all related to the dehydrated glucose residue. 
The essential results are as follows: 


Substance 

Diamylose... 

Tetramylose . 

Octamylose . 

Triamylose \ 

Hexamylose / * *' .. 

Inulin .’. 

Cellulose . 

Uchenin ... 

Starch .. 

Z., 27, 174 (1926). 
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Formula 

Spacing 

(C.H„0.). 
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(C.H»0.)4 

9.02 

(C.H„0.), 
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(CePluOs). 

6.01, 


7.69 

(CeHuOs). 

5.21 
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(CeHioO«)ii2 ? 
(CsHuOb)!! ? 
(CiHao08)(» ? 


(C#HioO«)o 

(CbHioOb)* 

(C#HioOb)3 

(GHwOBh 

(C.H„Ob), 
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(7) Effect of colloids on X-ray structure of electro-deposited 
metals. The eifect of small amounts (1 per cent) of gelatin, glue and 
related gels on the structure of electrodeposited metals is most elo¬ 
quently shown in Figures 12A and 12B, taken from the paper by 
Frolich, Clark and Aborn on Electrodeposited Lead.®^ In both cases 
all conditions were identical, fluoborate electrolyte, concentrations, cur¬ 
rent density, temperature, etc., except that in one, 1 per cent gelatin 
was added, 12A without gelatin shows large crystals, indicated by the 
discrete large spots; 12B with gelatin shows fine structure rings of 
uniform intensity. The trace of colloid has resulted in a great diminu¬ 
tion in grain size and, from the standpoint of uniformity and cohesion, 
a film infinitely superior to the deposit from an electrol)rte without 
gelatin. 

Research Laboratory of Applied Chemistry, ■ 

Massachusetts Institute of Technology, 

Cambridge, Mass. 

Trans. Am. Blectroehem. Soc. (1926). 



THE STRUCTURE OF RAMIE CELLULOSE AS DERIVED’ 
FROM X-RAY DATA^ 

By O. L. Sponsler and W. H. Dore 

From time to time during the last few decades, various constitu¬ 
tional formulae have been proposed for cellulose,, most of which have 
been supported by chemical evidence; but the recent researches of 
Irvine^ and his associates have furnished grounds for the rejection of 
practically all of these, since none of them can be reconciled with the, 
observation that cellulose, upon methylation and subsequent hydrolysis, 
yields 2, 3, 6 trimethyl glucose as its sole product. The formula pro¬ 
posed by Irvine and several related formulae suggested by him® and 
by others,^ are consistent with the above observation and apparently 
account for the chemical reactions of cellulose. 

It has long been recognized, however, that a satisfactory formula for 
cellulose must account for its physical properties as well as for its 
chemical reactions. In this connection, we quote the words with which 
Irvine and Hirst open their paper on ‘The Molecular Structure of 
Cotton Cellulose”; ^ “It will be generally admitted that a complete 
study of cellulose must include, in addition to purely chemical inquiries, 
physical investigations on the mechanism whereby discrete particles are 
arranged to form organized structures possessing the properties of 
fibers.” None of the structural formulae so far proposed has afforded 
an explanation of the fibrous nature of cellulose nor of its physical 
behavior. When it is considered how much of the nature of cellulose 
is bound up in its fibrous structure, its tensile strength and the swelling 
behavior that it exhibits, it is seen how inadequate are formulse which 
explain only its chemical reactions and leave its physical properties un¬ 
touched: 

Based upon X-ray data recently published, the present authors have 
arrived at a conception of the structure of cellulose which seems to be 

*This paper is a joint contribution from the Department of Botany, University of Cali¬ 
fornia, Southern Branch, Los Angeles, Calif., and the Division of Plant Nutrition, University 
of California Agricultural Experiment Station. Berkeley, Calif. 

“Irvine and Hirst, A- Chem. Soc., 121, 1686-91 (1922); 123, 618-32 (1923); 126, 16-26 
(1924); Irvine, Chem. Reviews, 1, 47-71 (1924); J, Soc, them, Ind,^ 41, S62R-868R 
(1922). 

• Irvine, 7. Soc, Chem. Znd., 41, 868R (1922). 

“HibbeA 7, 7»d. Eng, them,, IS, 266-60, 384-342 (1921); Hess, Liebig*s Ann., 434 
1-144 (1928); Schorger, 7. 7nd. Eng. Ch0m., 16, 1274-5 (1924); Herzog, Karrer, see 
Heuser, West and Esselin, “Textbook of Cellulose Chemistry,’* 196 (1924). 

•Irvine and Hirst, 7. Chem, Soc., 12$, 618-82 (1928), 
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in accprd with its known chemical reactions and physical properties.® 
From those investigations/ carried out on ramie fibers which are com¬ 
posed of practically pure cellulose, a space lattice with the following 
characteristics was determined: 

1. The constituent building units are arranged in continuous parallel 
chains which run lengthwise of the fiber. 

2. These chains are spaced rectangularly 6.10 by 5.40 A. u. apart. 

3. The component parts in each chain are repeated every 10.25 A. u. 

4. The elementary cell, therefore, may be thought of as having the 
dimensions 6.10 by 5.40 by 10.25 A. u. 

5. In this elementary cell, that is, within the spacing of 10.25 A. u. 
on each chain, there occur two Ce units. 

6. Within this elementary cell, the atoms are so arranged that a 
number of planes occur whose spacings bear simple numerical relations 
to the 10,25 dimension; that is, there are sets of planes whose inter- 
planar spacings are 5.15, 3.40, 2.58, etc. 

Figure 1 shows in perspective a space lattice having these specifica¬ 
tions. The vertical lines represent the center lines of parallel continuous 
chains of units and the spacing of these chains with respect to each other 
is indicated by the dotted lines. In a single elementary cell of the lattice, 
indicated by the dimension figures, only two sets of planes, 5.15 and 
3.40, are shown. 

From this X-ray data alone, it is possible to gain little more than a 
conception of the spatial relation between the groups and to obtain a 
clue, at least in one direction, as to the internal arrangement of the 
atoms within the group. This becomes evident when it is recalled that 
the Ce unit, which acts as the unit of structure of the lattice, consists of 
21 atoms. This large group of atoms, acting as the unit of structure in 
the fiber, is in a sense comparable to the single atom structural unit of 
the simpler crystal forms, such as sodium chloride. It was accordingly 
possible to ascertain the spatial positions of the unit groups with con¬ 
siderable certainty, but in contrast to the simpler structure of sodium 
chloride, it was not possible to determine accurately the relative positions 
of the atoms within the Ce group. In order, then, to obtain a more 
intimate knowledge of the relative positions of the atoms, it was neces- 


♦In a recent publication (7, FMys. Chem., 50, 465-67 (1926)), R. O. Herzog has revised, 
somewhat, an earlier interpretation of his cellulose lattice and has attempted to reconcile 
certain physical properties and chemical forms with the revised structure. His data seem 
to be in tair agreement with ours but his interpretation, we feel, is inconsistent with the 
data he presents. While we do not feel that we should enter into a di^ussion of his 
interpretation in the present article, we do ’ feel obliged to i^int out certain discrepancies 
in defense of our own interpretation of the X-ray patterns. He has mentioned that several 
of his interference points do not fall within the limits of e^erimental error and has 
assumed these discrepancies due to impurities in the cellulose. These points^ however, are 
classed as strong and medium in intensity. That would indicate a large percentage of 
impurity which does not seem consistent with the composition of such fibers , as. cotton, 
ramie, etc. If large amounts of impurities as^e not present, then all of the interference 
points ^ould be explained by the lattice. , , ' , . , 

T Spender, 7. Gen. Physiol, 9, 221-^88 <1926); .7. Gen. Physiol, 9, 677-696 (1926). 
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sary in the present investigations to use other types of evidence along 
with the X-ray data. 

In an earlier paper,® the agreement between the volume of the ele¬ 
mentary cell as given here and the volume of the CeHioOo group of 



Fig. 1. —Perspective view o£ cellulose space lattice. Vertical lines indicate posi¬ 
tions of center lines of chains of units, A single elementary cell is repre¬ 
sented in upper right hand corner, with several transverse planes. 


cellulose was pointed out. Since it is now definitely established that 
cellulose is made up solely of glucose units,® the ascertained space lattice 
for ramie cellulose must be produced by some arrangement of glucose 
units or of their condensation products. The problem of discovering 

sSponsler. 7. Gen. Physiol, 9, 221-283 (1926). 

•Irvine and Hirst, 7, Chem. Soc., 121, 1686-91 (1922).* 
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-the cellulose structure was, accordingly, resolved into two parts, namely, 
(1) ascertaining which of the several possible glucose structures is in¬ 
volved, and (2) determining the arrangement of the glucose units in 
the cellulose structure. 

Selection of the Glucose Unit. 

Of the various glucose formulse that come into consideration as 
possible structural units of cellulose, we vmay immediately reject the 
open chain aldehydic structure, since cellulose fibers normally show 
negligible aldehydic reactions, and consequently cannot be made up of 
units which contain active aldehyde groups. The possibility would 
remain that the structural units are straight chain, non-ring units in 
which the potentially aldehydic carbon atom is linked by an oxygen 
bridge to a carbon atom in another similar glucose unit, as in the con¬ 
stitutional formula proposed by Schorger.^° 

CH.OH 

I 

-CH—O—CH . 

1 I 

CHOH CH- . 

I I 

CHOH CHOH 

I I 

-CH CHOH 

I I 

CH—O—CH- 

I 

CHaOH 

This conception must also be rejected, however, since the C-O-C link¬ 
age would require a rectangular spacing of 2.75 Angstrom units be¬ 
tween chains, calculated from the sum of the atomic radii involved, 
whereas the X-ray data indicate definitely that the spacing between 
chains is 6.10 Angstrom units in one direction and 5.40 in the other. 
Further grounds for the rejection of both straight chain formulae are 
found in the fact that a chain of six carbon atoms when fully extended 
cannot be accommodated in the available spacing allowed by the X-ray 
data. 

Turning, then, to ring formulae which involve the first carbon atom, 
only two of the five conceivable formulae require consideration, namely, 
the 1-4, or butylene oxide ring, and the 1-5, or amylene oxide ring 
structure. The three remaining .ring formulae are highly improbable 

ind. Chem., 16, 1274-6 a924>. 
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stereochemical grounds; furthermore 

srSp». “diss 'r 

^ A“xju.sr4.»5y ri«8 






m y , 


■fVXitC'V? 


m * 




<%! 


i,#« 


■I* 


9 




3Ss ofzs 

valence forces. 

formation must occur through the remaining, or f 

iSons. Other rings than the 14 and 1-5 are. therefore, excluded as 

possible units in the cellulose structure. ^ 

^ Irvine and Hirst “ found that the glucose umt in cellulose a 
stable rather than a labile form, and in accordance with conc^ons 
t£n current, they regarded the unit as having the butylene oxide nng 

»ItvBie and Hirst, I. Chm. Son., W8, 818-82 (1628). 

»JWd.> 121, 1686-91 (1922). 
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structure. Evidence has since been brought forward by Haworth and 
by Hirst to indicate that the norihal stable form of glucose, and pre¬ 
sumably the form which exists in cellulose, contains not a butylene 
oxide, but an amylene oxide ring. It will be noted that Irvine’s data 
are equally explainable on the basis of either structure. If the unit 
contains a 1-5 ring instead of a 1-4 ring as was formerly supposed. 



Fro. 3.—Photograph of 3-dimension model representing amylene oxide glucok 
unit. See explanations under Figure 2. 


then the linkage between units would be through the fourth carbon 
atom instead of through the fifth, but in either case the 2, 3, and 6 posi¬ 
tions would remain open for methylation. 

In order to obtain a clear conception of the spatial relationships of 
the constituent atoms of the two glucose structures, and to compare 
the relative positions of the atoms with the space lattice previously 
developed for ramie cellulose, it was found desirable to prepare 3-dimen¬ 
sion models representing each of these structures. They were carefully 

« Charlton, Haworth and Peat, /. Ckem* Soc., 129, 89-101 (1998). . . 

«7. Chem. Soc„ 129. 850-867 (1926). 




180 


COLLOID SYMPOSIUM MONOGRAPH 


constructed to a scale based on the atomic radii given by Bragg,care 
being taken to maintain the tetrahedral angles. Although not repre¬ 
senting the modern conception of the nature of the atom, the balls of 
which the models are constructed serve to indicate rather definitely the 
relative position of the atomic centers in space. Photographs of these 
models are shown in Figures 2 and 3 which represent, respectively, the 
butylene oxide and the amylene oxide structures. 

The available chemical data suggest that the continuous chains of 
atoms indicated by the X-ray data are, in reality, chains of glucose 
units joined through oxygen bridges to form continuous glucosidal 
linkages. Since the methylation data indicate through which carbon 
atoms the linkages occur, it becomes possible to orient the models which 
represent these units in the lattice derived for ramie fibers, and to 
compare the dimensions, and the symmetry, of each unit with the re¬ 
quirements developed from the X-ray data. 

In Figures 4 and 5 are shown skeleton drawings of the respective 
units with the hydrogen atoms omitted. The left hand drawings rep¬ 
resent the units as they appear in the photographs, while those on the 
right represent the view at right angles to the photographed positions. 
The dimension L is assumed to lie in the direction of the fiber length. 
In the case of the butylene oxide unit, L is the distance between the 
hydroxyl oxygens on the first and fifth carbon atoms^' In the amylene 
oxide unit, L is the distance between the hydroxyl oxygens on the first 
and fourth carbon atoms; 

Measurements were made of the distance L on both models and the 
corresponding spacings in Angstrom units were calculated. The fol¬ 
lowing figures were obtained: 

For the butylene oxide unit, 27.0 cm. = 5.40 A. u. 

“ amylene “ 25.S cm. = 5.10 A. u. 

Required by X-ray data 5.15 A. u. 

Since the chains of units are continuous, there are no spaces between 
units in the longitudinal direction, and there should be a close agree¬ 
ment between the length of the structural unit and the spacing shown 
by the X-ray data. The length of the amylene oxide unit shows a 
better agreement with the X-ray data than the butylene oxide unit. Too 
much significance should not be attached to the mere lack of close 
agreement in the butylene oxide structure, since it is possible that the, 
actual position of the oxygen atom on the fifth carbon atom may vary 
from the position assumed for measurement, through rotation or 
through alteration of one of the tetrahedral angles. However, other 
positions which might show better agreement with the required length, 

Mag., 40, 169-189 (1920); Science, 61, 654 (1926). 
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would show less favorable agreement with the intensity of certain lines 
of the X-ray diffraction pattern. 
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Fig. 4. 


Turning now to a consideration of the dimensions at right angles 
to the length, L, attention must be shifted to the spacing between the 
chains of units. The X-ray data indicate that there are open spaces 
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Fig. 5. 


between these chains, consequently the dimensions of breadth and thick¬ 
ness would, not be expected to show any close relationship to the rect-, 
angular spacings, 6,10 and S.40. Measurements on the models show 
that either of the units could be accommodated within the spacing, so 
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again the dimensions fail to indicate definitely which of the two units 
occurs in the cellulose structure. 

On the other hand, considerations of the symmetrical arrangement 
of the atoms of the two models show that the amylene oxide unit is 
more in agreement with the X-ray data than the butylene oxide unit. 
In Figure 5, it will be seen that there is a remarkable balance between 
the atoms distributed on either side of the vertical axis and that this 
symmetrical distribution holds for both front and side views. The 
butylene oxide model, Figure 4, shows a less symmetrical balance in 
both-directions. Of these two forms, the more symmetrical amylene 
oxide form would be expected to produce a very dense diffraction line 
especially from the diagonal planes shown in Figure 8,’and from the 
vertical layers of atoms of Figure 9. As will be explained later, these 
figures represent the arrangement of the units in our completed cellu¬ 
lose structure. For a form like the butylene oxide structure, the un- 
symmetrical arrangement would tend to place atoms between the layers 
of Figures 8 and 9, resulting in a much weaker diffraction line for the 
3.98 A. u. spacing. Unfortunately there are no means of making direct 
comparisons of the intensities referred to, but since the line produced 
by the 3.98 A. u. spacing is extremely strong, the evidence favors the 
amylene oxide structure. 

Of much greater significance, however, pointing towards the amylene 
ring fas the probable form, is the arrangement of the atoms on the lines 
l^erpendicular to the vertical axis in Figure S. The regularity of 
spacing of these horizontal lines agrees well with the type of diffraction 
pattern produced, [Plate 3, 90° Spectrograph, J, Gen. Physiol, g, 233 
(1925).], On the other hand, it does net seem probable that a structure 
such as the butylene oxide form in Figure 4 could produce the set of 
lines which occur on the photograph referred to above. The details 
of agreement are brought out further on where the transverse planes 
of the fibers are considered in their relation to the diagrams of the double 
Cc unit. (Figures 13, 14 and IS.) 

The considerations discussed in the preceding paragraphs seem to 
justify the, conclusion that the amylene oxide ring is the probable form 
in the cellulose unit. 

The amylene oxide unit may have one of two possible forms, de¬ 
pending upon whether the six membered ring has a cis or a frans struc¬ 
ture, A trafis structure is shown in Figure 5 and a side view of the 
corresponding cis structure in Figure 6. The cis form need scarcely be 
considered for it would throw so many atoms in the space between layers 
ill Figures 8 and 9 that only a faint 3.98 line could be expected, while 
actually that line is one of the densest produced by the fibers. 

The glucose unit may have either an a or p structure. The photo-- 
gtaph (Figure 3) shows a p structure, that is, one in which ,the 
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hydroxyls upon the first and second carbon atoms are on opposite sides 
of the ring. Inspection of the 3-dimension model shows that in order 
to meet the requirement of symmetry and of a continuous straight chain 
of units, a (3 structure is necessary. An a structure would produce a 
cis effect at the first carbon and thus fail to fit in the necessary straight 





Fig. 6. 


chain of units. It is, therefore, assumed that the glucose units of which 
cellulose is composed are united by rather than by a-linkages. 

Before closing the discussion of the selection of a glucose unit, one 
other possibility demands consideration. Several anhydro-glucose units 
having two oxidic rings have been proposed as structural units for 
cellulose, for example the unit: 

—CH — 

(!:hoh 
0 I 0 
CHOH 

-in 

I 

CH- 

CHaOH 

Units of this type already have an emperical formula CaHioOs, which 
indicates that no further dehydration occurs in condensation to cellulose. 
Such units could not , be linked by primary valences, since in that event 
condensations would be accompanied by the splitting off, of water and 
the formula for the resulting cellulose would contain less hydrogen 
and oxygen than corresponds to the accepted composition. The units 
would,, therefore, necessarily be joined by secondary valences only. 
This situation does not agree with certain physical properties which will 
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be considered further on. Although not definitely excluded as a build¬ 
ing unit, tliis non-continuous structure does not seem a probable one, in 
the light of the available X-ray evidence. These considerations and, 
especially the failure of the non-continuous structure to account for 
the physical properties of cellulose fibers, justify, we believe, the elim¬ 
ination of the double ring structures from this discussion. 

Arrangement of the Glucose Units in the Cellulose Structure. 

Assuming, then, that cellulose is made up of glucose units possessing 
amylene oxide rings, our next effort is to detennine the arrangement 
of the building units in the cellulose structure. This resolves itself 
into two phases, namely: ( 1 ) determining the arrangement of the unit 
in the individual chains, and ( 2 ) determining the arrangement of the 
chains in the cellulose lattice. 

Since we have regarded the chains as made up of single ring glucose 
units in which the condensation has occurred from CoHi 208 to 
C 0 H 10 O 5 , it follows that the union throughout the chain is a continuous 
series of glucoside-like primary valence linkages. Our next task is, 
then, to determine the linkage between the glucose units. There are 
three possible types: (a) one in which C is attached to Ci and C* to Ct 
of adjacent units, (b) another in whkli Ci is linked to C 4 of the next ad¬ 
joining unit, and (c) a third in which these two types are combined. In a 
former paper it was shown that the X-ray data demairded the first 
type; that is, a reversed orientation of each alternate unit in the direc¬ 
tion of ihe fiber axis, which brings about the 1 to 1 and 4 to 4 linkage. 
The arrangement of the glucose units is in agreement with the relative 
intensities of the lines associated with and the spacing of the planes of 
atoms perpendicular to the long axis of the fiber. It was also shown 
that the symmetrical type (b) and the combination type (c) would 
produce different diffraction patterns from those obtained. In other 
words, the (1-4) (4-1) (1-4) (4-1) linkage satisfied the X-ray data 
while the other types did not. 

This conclusion is at variance with the commonly accepted belief 
that cellulose contains cellobiose units. The constitution of cellobiose 
as derived by Haworth and Hirst by means of methylation studies, 
was that of a glucose-glucoside, the constituent hexose units being united 
by an oxygen bridge joining the fifth carbon atom of one unit to the 
first carbon atom of the other: 


» Sponsler. I. Gen. physiol, 9, 677-696 (1926). 
"7. Chem. Soe., 119, 198-201 (1921). 
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' Haworth assumed that the units possessed butylene oxide ring struc¬ 
tures, but in view of his more recent work which indicates that the 
amylene oxide ring is probably the normal structure for glucose, the 
formula for cellobiose should probably be revised to show a 4-1 linkage 
between units and should be represented thus: 
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Since cellulose upon acetolysis yields cellobiose, it has been assumed 
that cellulose contains units having the cellobiose linkage. If this as¬ 
sumption were correct, the chains of glucose units extending in the di¬ 
rection of the fiber length would necessarily be joined by 1-4 linkages 
and the X-ray diffraction pattern would be based on Cc units all 
oriented alike, whereas the pattern is that of C 12 units in which the 
alternate glucose nuclei are reversed. 

Although the belief is widespread that cellobiose is a constituent 
of cellulose, the present authors have been unable to find any convincing 
evidence in the literature for such a conclusion. In discussing constitu¬ 
tional formulje for polysaccharides, Irvine made the following state¬ 
ment ; 

**Ih submitting these formulae, it is perhaps necessary to sound a 
note of caution, as the double assumption is made that maltose is an 

w Charlton, Hawarth and Peat, /, Chem, Soc,, 129, 89-101 (1926). 

"Irvine, Cham. Reviews^ 1, 62 (1924). 
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integral part of starch, and similarly that the cellobiose unit is present 
in cellulose. There seems to be no reason to doubt these conclusions 
and they are generally accepted, but they have not been proved.” 

Heuser has given a summary of the evidence in support of the 
claim that “cellobiose preexists in the cellulose molecule” in which it is 
argued :(1) That since it has been shown that pure cellobiose breaks 
down under the condition of acetolysis, the yields of cellobiose obtained 
in practice must necessarily have been smaller than corresponds to the 
cellobiose-yielding groups actually in the original cellulose. If allow¬ 
ance is made for the losses by secondary reactions, it is estimated that 
cellulose is capable of yielding 60% or more of cellobiose. It is, there¬ 
fore, assumed that cellobiose preexists in cellulose to at least that per¬ 
centage.. (2) That the heats of combustion of starch and cellulose, 
and the nature of their alkali compounds indicate that both are based 
upon disaccharide units, which are assumed to be, respectively, maltose 
and cellobiose. (3) That the X-ray of Herzog and his collaborators 
are consistent with the cellobiose structure. 

Although these observations are not inconsistent with the hypoth¬ 
esis that cellobiose preexists in cellulose, none of them produces evi¬ 
dence which demands the presence of cellobiose units in the origir^al 
material. Regarding the first argument, it should be noted that the 
acetolysis reactions are complicated and occur in several stages; and 
that other explanations for the formation of cellobiose are as acceptable 
as that based upon direct hydrolysis. Hess and Weltzein®* have ad¬ 
vanced the hypothesis that cellobiose is a product formed by the con¬ 
densation of anhydroglucose units, rather than by a direct hydrolysis 
of cellulose. Later, Hess, Weltzein and Singer*® suggested that 
celloisobiose is an intermediate product in cellobiose formation. Since 
it must be admitted that cellobiose may originate otherwise than by 
direct hydrolysis of cellulose, evidence baring upon the yield of prod¬ 
uct may be dismissed as irrelevant. Regarding the second argument, 
it need only be said that other disaccharide units than cellobiose would, 
of course, satisfy the experimental data concerning the heat of com¬ 
bustion and the formation of alkali compounds. As to the third point, 
the X-ray data of Herzog, which have been taken to indicate the pres¬ 
ence of cellobiose units, likewise suggests only the presence of units of 
Ci2 dimensions, without showing that these units are cellobiose. 
S^nsler’s X-ray data also point to a structure based on a double Ce 
unit and in addition indicate definitely that the disaccharide units do 
liot possess the cellobiose linkage. 

We have now shown that the X-ray data is satisfied by a structure 


*®H«tser, West and Esselin, "Textbook of Cellulose Chemistry," 
Physik,, S. 196 <1920); Ceitulo^echemie, 8, 101 (1921). 
•*AnnaSen, 435, 1-144 (1923). 

^Annalen, 443, 71-112 (1385). 


192-8 (1924). 
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made up of parallel chains of glucose units which possess an amylene 
oxide structure, and which are united by 1-1 and 4-4 linkages. These 
parallel chains, extending lengthwise of the fiber, are separated from 
one another by a distance of 6.10 A. u., from center line to center line, 
in one direction, and 5.40 A. u., in the direction at right angles to the 
6.10 dimension. Even with these limitations, the chains of atoms 
would still be free to rotate about their long axes. In the interpretation 
of the X-ray diffraction patterns, no evidence was advanced from 
which their orientation might be determined. It now seems possible 
to make that determination with a considerable degree of definiteness. 
From measurements on the model, the maximum breadth of the amylene 
oxide unit (see Figure 5) is about 7.00 A. u. Obviously, there is not 
room for it either on the 6.10 or 5.40 dimension, but it can readily be 
accommodated on the diagonal of these two dimensions, which has a 
length of 8.10 Angstrom units '(See Figure 7A). Intermediate posi¬ 
tions are, of course, ix)ssible between the sides of the rectangle and 
the diagonal, but reasons will be given for believing that the greatest 
l^readth of the hex6se unit lies upon the diagonal. 

In accordance with modern conceptions of the nature of valence,^* 
the oxygen atom is regarded as possessing two primary and two sec¬ 
ondary valences tetrahedrally arranged. In the photograph of the 
amylene oxide unit (Figure 3), the positions of the secondary valences 
are shown by small screws. It will be noted that for certain rotation 
positions of the hydroxyl groups, the forces due to these secondary 
valences would be exerted along the broadest dimension of the unit. 
If we assume that these valence forces are attractions, it would follow 
that the units would tend to become arranged so that the oxygen atoms 
which exert these forces approach each other as closely as possible. 
Careful studies with the 3-dimension model show that this condition is 
realized when all of the units lie with their greatest breadth along the 
diagonal. 

The question arose as to whether the units lie along one diagonal 
only as in A, Figure 7, or on both diagonals as in B. The second 
alternative is eliminated by X-ray evidence since that arrangement 
would produce a different diffraction pattern than is obtained. The 
pattern would contain not only a line corresponding to the 3.98 spacing 
of the diagonals, but also one for double that spacing, and that has not 
been found. We have adopted, therefore, the arrangement as shown 
in Figure 7, A. 

In the alternate diagonal planes the positions of the units are 
reversed; that is, the chains are rotated through 180® about an axis 
parallel to the fiber length. That arrangement was demanded by the 
presence of certain lines , on the diffraction patterns taken when the 

** See G. N. Iawib, “Valence and the Structure of Atoms and Molecules** (1028). 
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X-ray beam made other angles than 0° or 90° with the fiber axis; 
these lines demanded a different arrangement of the atoms in adjacent 
groups. If the chain of groups had the same orientation, such lines 
as the 4.35, 3.25 and 3.10 of the (111) series would not occur. This 
point is brought out in more detail in the earlier paper.^® 

As a result of this line of reasoning, a structure has been developed 
for ramie cellulose which is apparently consistent with all of the X-ray 
data and with the established facts of cellulose chemistry. This struc¬ 
ture is shown in the accompanying photographs of the model (Figures 
8, 9, 10, 11 and 12). The model contains four chains, each containing 
two glucose units, making eight glucose units in all. In Figure 8, the 
model is viewed along the fiber axis and shows the distribution of the 
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Fig. 7. 


four chains upon the 6,10 x 5,40 spacing. The units are shown as 
lying upon the diagonal and the planes formed by them correspond to 
those with the 3.98 A. u. spacing. Actually, the open spaces between 
the units are smaller than appear in the photograph, since almost all 
of the hydrogen atoms occur in these spaces. The hydrogen atoms 
were not represented on the model because they do not appreciably 
enter into the production of the X-ray diffraction patterns. Figure 9 
shows the same groups, viewed along the diagonal planes. The open 
spaces are again apparent and the reversed arrangement of the units 
on the alternate diagonals may be seen here. Figure 10 shows the 
model viewed along the 5.40 dimension perpendicular to the fiber 
length; Figure 11 is also viewed perpendicular to the fiber axis, but 
along the other diagonal of the 6.10 x 5.40 rectangle. 

»Sponslef. 7. Gen. Physiol., 9, 677-695 (1926). 
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The eight glucose residues shown in the model constitute the simplest 
structure in which all orientations of the Cg groups occur. In the 
strictest sense, they would constitute only one-fourth of the whole 
crystallographic unit, the axial ratios of which would be a : b : c = 10.80 
: 12.20 : 10.25. Figure 8 is a view along the c axis. Figures 10 and 
12 are views along the a and b axes, respectively, but represent only 



Fig. 8. —Photograph of 3-dimension model representing the structure of ramie 
cellulose, viewed along the fiber axis. Four of the double C* units are shown. 
Black balls represent carl^on atoms; white balls, oxygen atoms. Hydrogen 
atoms are omitted but their positions are indicated by the short pointed wires. 
The screw eyes represent the probable location of the secondary valence 
forces. 


half the length of those axes. In Figures 9 and 11, the structure is 
seen along the (TlO) and (110) planes, respectively. 

While it was found possible to further test the agreement between 
the model and the X-ray data, it does not seem probable that a complete 
accounting can be made of all the diffraction lines. Therefore, we have 
had to content ourselves with a study in which only a few of the more 
prominent lines were considered, which seem to have been produced by 
the simpler - planes of this complex structure; and have accepted the 
agreement as being good if the model showed a relatively large num- 








Fig 9.—Photograph of 3-dimension model representing the structure of ramie 
cellulose, viewed along one of the diagonal planes perpendicular to the hber 
axis. See explanations under Figure 8. 



fig, 10,—Photograpli of 3-dimension model representing the structure of ramie 
cellulose, viewed along the 5.40 dimension perpendicular to the fiber axis. 
See explanations under Figure 8. 

IQO 





Fig. 11.—Photograph of 3-<iimension model representing the structure ramie 
cellulose, viewed along one of the diagonal planes perpendicular to the hber 
axis. See explanations under Figure 8. 



Fig. 12.—Photograph of 3-dimension model representing 

cellulose, viewed along the 6.10 dimension perpenditjtuar to the tioer axis, 
See explanations under Figure 8. 

191 





192 COLLOID SYMPOSIUM MONOGRAPH 

ber of atoms occurring in layers at angles which agreed with the ob- 
served lines and the observed angles. The interplanar spacings of the 
transverse planes, those which form a 90“ angle with the fiber axis, 
are pictured in'Figures 13, 14 and 15, where only the carbon and 
oxygen atoms are indicated. By using a graphic method for deter- 



Fig 13.—Diagram showing part of a chain of glucose units with hydrogen atoms 
omitted and indicating the relation of the 5.13 and 1025 transverse planes. 

tnining the vesultant amplitudes of the reflections, the intensifies of the 
corresponding diffraction, lines were obtained; The agreement between 
the calculated and actual intensities was fairly good, in this sense at 
least, that the 2.58 line was denser than the 1.70, and that both were 
much denser than the 3.40 and the 5.15 lines. On account of the re¬ 
versed orientation of the C* units and of the chains on their long axis, 


T1 

Fig. 14. —Similar to Figure 13, indicating relation of the 2.57 and 10.25 transverse 

planes. 



Fig, 15.—Similar to Figures 13 and 14, indicating relation of the 3.40 and 10,25 

transverse planes, 
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it seems almost impossible to check the diagonal planes against the 
intensities of the diifraction lines produced by them. 

From Figure 8 and its simpler diagrammatic representation in Figure 
7A, one can see that the 3.98 diagonals would produce a much more 
intense line than either the S.40 or the 6.10 planes; and that they in 
turn would produce lines of much more nearly equal intensity, agree¬ 
ing qualitatively with the diffraction pattern for these planes. No 
models have been constructed yet which would make a quantitative 
comparison seem feasible. 

Relation of the Structure to the Physical Properties of 
Ramie Cellulose. 

As was pointed out in Sponsler’s first paper,®® ramie fibers are 
cylindrical tubes whose walls are made up of concentric shells of 
cellulosic material. It is consistent with the X-ray data to assume that 



Fig. 16,—Diagram of cross-section of ramie fiber showing location of elementary 

cell in fiber wall. 

the 6.10 X 5.40 rectangular spacings are distributed throughout the 
cell walls in the positions that would result if the crystallographic units 
were rotated about the central. axis of the cylinder as a line of sym¬ 
metry. Some dimension of the 6.10 x 5.40 rectangle, would have a 

*• Sponger, J. Gen, Physiol, 9, 221-288 (1926). 
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constant tangential position in the cylindrical shell. Uncertainty was 
then expressed as to which dimension-had the tangential position. It 
now appears most consistent with the facts to assume that it is the 
3.98 diagonal which occupies that position, the units on that dimension 
being held together in a more or less complete cylindrical shell by the 
secondary valences. It is also consistent with our knowledge of plant 
physiology to regard these concentric layers as successively deposited 
from within by the protoplasm of the cell. The relationships men¬ 
tioned here are shown in Figure 16. 

Having developed this conception of the structure of the ramie 
fiber, it becomes possible to account for the stability of this and similar 
cellulosic fibers, as well as for some of their characteristic physical 
properties. The stabilizing forces in the fibrous structure are assumed 
to be the valence forces. The primary valence linkages in the longi¬ 
tudinal direction establish the chemical and mechanical stability of the 
long chains. The positions of these chains with respect to each other 
are stabilized by the attractions of secondary valence on the potentially 
quadrivalent oxygen atoms. These forces tend to draw the chains 
together; complete contact is opposed by the external hydrogen atoms 
which resist invasion of their atomic domains. Equilibrium between 
these opposing forces fixes the relative positions of the chains upon 
the comers of the 6.10 x 5.40 rectangle. The relationships are shown 
in Figures 17 and 18 which represent, respectively, tangential and 
radial sections of the fiber wall. 

This structure explains the great tensile strength of the fibers in the 
longitudinal direction, since in order to break them, it is necessary to 
rupture the primary valence bonds (indicated by solid lines in the 
figures) that hold the hexose units together. On the other hand, it is 
well known that the fibers possess comparatively little strength in direc¬ 
tions at right angles to the fiber length. This also is explained by the 
proposed structure, since a separation of the chains in a radial or a 
tangential direction would be a matter of overcoming the weaker forces 
of the secondary valence attractions, the general direction of which is 
indicated by the broken lines. 

. Hendershot®^ has presented data to show that the coefficient of 
thermal expansion of wood is approximately ten times greater in the 
direction at right angles to the grain than in the direction parallel to 
the grain. Thermal expansion is associated with molecular agitation 
and should be greatest when the freedom of nfiovement is greatest. In 
our proposed structure, a smaller coefficient of expansion would be 
expected in the direction of the fiber axis than in the direction at 
right angles to it. The expected behavior is, therefore, in agreement 
with Hendershot's findings. 

« Science, 60, 456 (1924). 
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The swelling of fibers by the absorption of water may also be 
accounted for by this structure. It is well known that cellulosic fibers 
in general show little or no swelling in the longitudinal direction, but 
swell considerably in the lateral direction. Since the linkages in the 



Fig, 17.—Tangential section through a ramie fiber showing three chains of glucose 
units. Dark lines indicate primary valence bonds; broken lines indicate 
probable general direction of secondary valence forces. 

direction of the fiber length are by primary valences, there is no oppor¬ 
tunity for water molecules to enter between the units, and no longi¬ 
tudinal swelling can occur. On the other hand, water molecules can 
be adsorbed on the oxygens , by the action of secondary valence forces. 
The spacing between the chains of units, then, necessarily becomes 
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wider in order to accommodate the water molecules, and lateral swell¬ 
ing occurs. In this connection, some direct data are available. Katz 
found by X-ray methods that a shift occurred in the position of the 

»Fhys, Z., 26, 321-826 (1924). 
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diffraction points when certain fibers were swollen. Unpublished data 
by Sponsler on hemp-fibers show that the planes sliced 2,58 A. u. re¬ 
tained that spacing in both wet and dry fibers, while the spacing of 3.98 
A. u. became greater by about 2 per cent in the wet fibers. This would 
correspond to a change in the radial dimension of the fibers on swelling, 
while the longitudinal dimensions remained unaltered. 

Relation of the Structure to the Chemical Properties of 
Ramie Cellulose. 

The formation of the various cellulose esters occurs by replacement 
of the three hydroxyl groups that are open for substitution. These 
are shown in the photographs of the model and in the drawings, espe¬ 
cially in Figure 17 where they are represented by numbered circles. 
In some cases of ester formation, the fibrous structure is maintained and 
it is clear from the illustrations that replacement of the hydroxyls might 
readily occur without disturbing the general fibrous structure since a 
separation of the longitudinal chains to accommodate the replacing 
groups would be all that is necessary. This agrees with statements by 
Denham and Woodhouse and by Irvine and Hirst,®" that methy¬ 
lated cellulose retains the fibrous form of the original cellulose. 

The structure was developed upon the assumption of the correct¬ 
ness of Irvine's conclusion, that when cellulose is methylated, replace¬ 
ment of hydroxyl groups occurs on the second, third and sixth carbon 
atoms; and reference to the figures will show that these carbon atoms 
and no other carry hydroxyl groups open for substitution. It should be 
pointed out, however, that the conclusion to which we have just re¬ 
ferred has not gone unchallenged. Hess has expressed the belief 
that cellulose is modified by treatment with alkaline solutions, of the 
strength used in methylation, possibly causing a change in the posi¬ 
tions open to substitution; consequently conclusions as to the structure 
of cellulose based tqx)!! the ascertained structure of its methylated 
product may not be valid. 

Alterations of the type referred to by Hess can be shown to be 
rather improbable when we interpret, in terms of our proiX)sed struc¬ 
ture, some recent X-ray investigations by Katz and Mark®^ on the 
swelling of cellulose fibers in alkaline solution. The data obtained by 
these authors indicate that there is some alteration in structure upon 
adding alkali, but that on washing out the alkali, the original struc¬ 
ture reappears, differing only by slight enlargement of some of the 
dimensions. Some of Herzog's most recent data®® give similar in- 

»*/. Chem. Soc., 103, 1735 (1913); 119, 77 (1921). 

*«/. Cketn. See., 123, 618-32 (1923). 

**Hew and Wcfltzein, Liebig*s Ann>., 435. 1-144 (1923). 

^Z, physik, Chem., 116, 886-404 (1925). 

“Herzog, /. phys. Chem., 30, 465-67 (1926), 
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dications. This behavior, like simple swelling with water, is explain¬ 
able on the assumption that alkali molecules enter between the longi¬ 
tudinal chains and so cause lateral expansion. The alterations are 
consequently changes in the relative positions of the longitudinal chains, 
and not changes within the chains themselves. It is conceivable that 
it is the action of the alkali in forcing apart the longitudinal chains 
that makes possible the entrance of the methoxyl groups during the 
methylation reaction. At any rate, it is consistent with the proposed 
cellulose structure, as well as with the observed facts, to assume that 
treatment with alkalies and methylating agents produces a methylated 
cellulose which is still fibrous, and which differs from the origineil cel¬ 
lulose structure only in the greater separation of the longitudinal 
chains. 

Although replacement of the side ‘hydroxyls should not affect the 
integrity of the longitudinal chains, the increased separation of the 
chains by substitution of larger groups for the hydroxyls would tend 
to weaken the fibrous structure, and it is conceivable that very large 
groups might so far separate the longitudinal chains as to render 
ineffectual the lateral stabilizing forces. The fibrous structure would 
then tend to become destroyed, by the bending or collapsing of the 
long chains. This condition may explain the fact that cellulose nitrates 
retain the fibrous structure much better than do the corresponding 
cellulose acetates. In order to accommodate the acetate groups, a 
wider separation of the chains is required than for the nitrate groups, 
and possibly the distance may be so great, in the case of the acetate 
groups, that the lateral forces are no longer able to maintain the rela¬ 
tive positions of the chains as they existed in the unsubstituted cellulose. 

Consistent with our postulated structure, we may assume that the 
breakdown of the fibrous structure of cellulose, under the action of 
various chemical treatments, begins with the separation of the longi¬ 
tudinal chains. Depending upon the nature of the treatment, subse¬ 
quent solution and hydrolysis of the separated chains may occur; for 
example,, in simple acetylation, proceeding only as far as the produc¬ 
tion of the triacetate, the longitudinal chains may remain intact, while 
in the case of acetolysis in which a higher degree of acetylation is 
attained, the chains are split up into units of Cia or Ce dimensions. 
Once the fibrous structure *is lost, the possibilities for rearrangement 
are almost infinite. Apparently no evidence is yet available to in¬ 
dicate what types of structure may occur in the stages immediately 
succeeding the breakdown of the fibrous structure. 

So far there is no complete evidence that the structure which we 
propose for ramie cellulose applies to other naturally occurring cel¬ 
luloses, such as cotton, wood, esparto, etc. Nevertheless, the fact 
that the structure explains so many of the general properties and re- 
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actions of cellulose fibers would suggest that it represents, possibly 
with modifications, the general structure of all fibrous cellulosic material. 

In some types of cellulose, for example, the cellulose derived from 
wood, or from esparto, xylose units are invariably found associated 
with the hexose units which make up the cellulose structure. The 
presence of these pentose units may be explained on the assumption 
that these types of cellulose possess structures similar to that which 
we have postulated for ramie cellulose. Hibbert and Parsons have 
shown that in the oxidation of cellulose (to so-called oxylcellulose), 
the primary alcohol group, or the group involving the sixth carbon 
atom, becomes oxidized first to an aldehyde group and finally to a 
carboxyl, thus producing a glucuronic acid unit. It is known that 
sugar acids of this type readily undergo decarboxylation with the 
formation of pentoses; in the case of glucuronic acid, the correspond¬ 
ing pentose is xylose. Since the normal form of xylose, like that of 
glucose, is now regarded as having the amylene oxide structure,®® we 
may logically regard the xylose units as produced in such structures 
as we have proposed by successive oxidation and decarboxylation of 
some of the glucose units according to the scheme: 


COH 

(CHOH) 

CH2OH 


4 ' 


glucose 


COH 

['COOiH 

{__I 

glucuronic acid 


■» 


COH 

(inoH), 

c!h*oh 


xylose 


It was suggested some years ago by Spoehr®® that the formation of 
pentoses in plants might occur by reactions of this type. The im¬ 
portant observation in connection with the present conception of cel¬ 
lulose structure is that this type of reaction can readily occur without 
disturbing the fibrous structure; this is in accord with the fact that 
celluloses which contain xylose possess the same fibrous structure as 
the celluloses which are made up wholly of hexose units. 

The researches of Irvine and Hirst on esparto cellulose and of 
Heuser and Haug®® on straw cellulose appear to indicate that the 
xylose portions of these celluloses are localized in alkali soluble xylan 
units, rather than that pentose and hexose units exist in intimate union 
distributed throughout all parts of the fiber. This would suggest, in 
terms of our postulated structure (see Figure 17) that in certain chains, 
all of the glucose units had become converted into xylose units by the 

Soc, Chem. Ind., 44, 478T-486T <1926), 

>» Haworth, JVatMW, US, 430 (1926). 

** Carnegie Inst. Publication No. 287, p. 78. 

”J. Chem, Soc,, 126, 15-26 (1924). 

angew. Chem,, 31, 99-100, 108-4 (1918), 





THE STRUCTURE OF RAMIE CELLULOSE 


201 


described processes of oxidation and decarboxylation, and that these 
altered chains constitute the xylan units. Consistent with the views of 
Netthofel,®® the altered portion of the fiber would be the exposed 
inner and outer surfaces of the cylindrical tube that constitutes the 
fiber. 

The present authors do not wish to go further than to point out 
that there is a remarkable agreement between the proposed structure 
for ramie cellulose and the known properties and behavior of cellulose 
fibers. Many of the suggested relations that have been mentioned in 
this paper are capable of, and indeed require experimental confirma¬ 
tion. It is our intention, as opportunity permits, to carry out experi¬ 
mental studies to further clarify the nature of cellulosic fibers. 

Summary. 

1. A conception of the structure of ramie cellulose is described, 
based on previously published X-ray data and upon studies with stereo¬ 
chemical models. The proposed structure agrees with the space lattice 
indicated by the X-ray data and is apparently consistent with all of 
the physical properties and chemical reactions of fibrous cellulose. 

2. The cellulose structure is made up of glucose units. Of the 
various possible structural formulse for glucose, it is shown that the 
amylene oxide ring formula is in closest agreement with the X-ray 
requirements. It is accordingly accepted as the probable structural 
unit of cellulose. 

3. The glucose units are apparently united in chains of indefinite 
length by glucosidal condensation. The union between units is alter¬ 
nately a 1-1 and a 4-4 linkage. The X-ray data indicate that the 1-4 
linkages, characteristic of cellobiose, do not exist in the ramie cellulose 
structure. 

4. The chains of glucose units are spaced rectangularly 6.10 X 5.40 
Angstrom units apart. The greatest breadth of the glucose units lie 
along one of the diagonals of the 6.10 X 5.40 rectangle. 

5. A group of eight glucose units is the simplest unit that can 
represent the structure of cellulose. This corresponds to the crystal¬ 
lographic unit with axes: a = 10.80; b = 12,20; and c = 10.25 Ang¬ 
strom units. 

6. The ramie fiber is a hollow cylinder, in the walls of which the 
crystallographic units are distributed so that one of the diagonals, of 
the 6,10 X 5.40 spacing always occupies a tangential position. 

7. The cellulose structure is stabilized longitudinally by the primary 
valence forces that unite the glucose units; it is stabilized laterally by 
the secondary valence forces of the oxygen atoms. 

“See Heuser, West and Esselin, ‘‘Textbook of Cellulose Chemistry/* 128 (1924). 
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8. The proposed structure accounts for the tensile strength of the 
fibers in the longitudinal direction. It also explains the different 
longitudinal and lateral thermal expansions, and accounts for swelling 
phenomena. 

9. The structure is in agreement with Irvine’s methylation dMa 
that the hydroxyls upon carbon atoms 2, 3, and 6 are open for sub¬ 
stitution. Ester formation is shown to be possible without altera¬ 
tion of the fibrous structure other than separation o^he, longitudinal 
chains. This, however, may weaken the fibrous structure and if the 
introduced groups are large, the secondary valence forces may^become 
unable to stabilize the fibrous arrangement. 

10. Since the structure for ramie cellulose agrees with the nature 

of cellulose fibers in general, it appears likely that other celluloses 
possess a similar structure. . 

11. The presence of xylose units in some celluloses may be ac¬ 
counted for by assuming that oxidation of glucose units to glucuronic 
acid occurs with subsequent decarboxylation to xylose. In the pro¬ 
posed structure, these changes would not materially alter the original 
fibrous structure. 


University of California. 
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Bv G. Stafford Whitby 

In the early period of colloid chemisti^ attention was directed 
largely to inorganic substances in the colloid state and especially to 
lyophobic systems such as sols of gold, silver, arsenic sulfide, etc. 
Later lyophilic systems, so much more important both physiologically 
and industrially than lyophobic ones, became the main object of study. 
The lyophilic colloids studied have, however, until very recently, been 
almost exclusively hydrophilic. But it is not difficult to observe a tend¬ 
ency among colloid chemists to bestow an increasing measure of atten¬ 
tion on that class of lyophilic colloids which swells in and form sols 
and gels with, not water, but organic liquids—^the organophilic colloids. 

It is not to be denied that among lyophilic colloids the hydrophilic 
ones are of supreme importance because of their intimate relation to 
the processes of life. The behavior of the hydrophilic colloids is, how¬ 
ever, complicated by the circumstance that, on account of the presence 
of water, they are much subject to ionic and electrical influences. And 
the proteins are subject to an additional complication, in that they 
are amphoteric. The organophilic colloids, by contrast, would appear 
to be little subject to such complications, since the media in which they 
form sols and gels are usually non-ionizing. It would not be unfair 
to say that in organophilic colloid systems the essential features of 
colloids are presented without the complicating accessory features 
found in the case of hydrophilic colloid systems. This consideration 
affords sufficient general justification for urging the value in the de¬ 
velopment of the theory of lyophilic colloids of a fuller study of the 
organophilic colloids than has hitherto been made. The object of the 
present paper is not to attempt any exhaustive or systematic Survey of 
our present knowledge of the organophilic colloids, but merely to offer 
some notes on certain of the points concerning this class of colloids 
which appeal to the writer as being of interest and deserving of further 
study. 

It may further be remarked that the organophilic colloids are de¬ 
serving of fuller study, not only, because of. the cbntributions which 
such study can make to the development of colloid theory, but also 
because a not inconsiderable number of them are of great industrial 

■ .ao3 ■ 
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importance. In this connection it is interesting to note that, whereas 
most of the hydrophilic colloids are natural products, most of the 
organophilic colloids are artificial products. I need but recall the pro¬ 
teins, starch, pectin, saponins, agar, gums on the one hand; vulcanized 
rubber, nitrocellulose, acetocellulose, linoxyn on the other.^ This state 
of affairs is what might have been expected from the fact that life first 
developed in water and that the processes of life take place in aqueous, 
not organic, media. 

In view of the fact that the organophilic colloids are mostly arti¬ 
ficial products, it may safely be asserted that, with the progress of 
discovery, their number will greatly increase in the future. 


Relation Between the Chemical Character of the Organophilic Col¬ 
loids and That of the Liquids Which They Imbibe. 

Since the medium in which a purely hydrophilic colloid disperses 
is always water, whereas an organophilic colloid is dispersable in many 
different media, a problem presents itself at the outset in connection 
with the organophilic colloids which does not arise in connection with 
the hydrophilic: the problem, namely, of the relation if any between 
the chemical structure of the colloid and that of the media in which 
-it is dispersable. Undoubtedly the chemical structure of liquids deter¬ 
mines their ability first to bring about first swelling and then disper¬ 
sion of a given organophilic colloid, as the following data will show. 


Rubber and Cellulose Esters: 

In the course of measurements of the swelling of rubber, both raw 
and vulcanized, in more than 350 organic liquids, which have been 
carried out in the author's laboratory during the past three years and 
a full account of which will be published shortly, many regularities 
have been observed in regard to the relation between the chemical 
structure of liquids and their imbibition by rubber. It has been found 
that, in addition to the recognized solvents for rubber, i.e., hydrocar¬ 
bons and chlorinated hydrocarbons, liquids belonging to many other 
classes are capable of swelling raw and vulcanized rubber and of 
dispersing the former. In general it has been found that in any 
homologous series of compounds containing an active group, such as 
a hydroxyl, nitrile, aldehyde, or carbonyl group, imbibition by rubber 

^ Kaw rubber might perhaps be urged as an exception to this generalization. But it is 
at all ev'enta to be noted that in nature rubber occurs in a lyojphobic system. The rubber 
hydrocarbon does not swell in water. In nature it occurs xn an aqueous medium as 
unswollen globules maintained in suspension by means of a protective colloid—protein. Its 
organophilic properties play, so far as we know, little part in nature. Only in the industrial 
arts dcM^ it function as an organophilic colloid. 

A real exception to Uie generalization stated in the text is probably to be seen iU 
phytosterolin, to which a paragraph is devoted later. 
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increases as the series is ascended. This is exactly the reverse of the 
case with nitro- and aceto-cellulose.^ 

And no better method of emphasizing the relation between the 
chemical character of an organophilic colloid and that of the media in 
which it swells and may be dispersed can, I believe, be followed than 
to institute a comparison between the solvents for rubber on the one 
hand and for cellulose nitrate and acetate on the other. 

With a certain limited number of exceptions, solvents for the com¬ 
mon cellulose esters are non-solvents for rubber, and, conversely, sol¬ 
vents for rubber are non-solvents for the cellulose esters. Speaking 
very broadly, the case may perhaps be stated thus: cellulose nitrate 
and acetate, representing a trihydric compound esterified with respec¬ 
tively an inorganic acid and a fatty acid of low molecular weight, are 
polar substances and in general imbibe and yield sols with polar organic 
liquids, ie., with the lowest members of organic series containing active 
groups, while rubber, a- hydrocarbon, is non-polar and in general 
imbibes most freely and when unvulcanized 3 delds sols with liquids of 
low polarity, i.e,, with hydrocarbons, halogenated hydrocarbons, and 
the higher members of series containing active groups. In general, 
qpmpounds containing active groups are swelling agents for rubber 
only if they contain as well hydrocarbon residues of some length; and, 
the larger the hydrocarbon residue, the greater is the extent to which 
they are imbibed. Conversely, long hydrocarbon residues are unfa¬ 
vorable and active groups favorable to the dispersion of cellulose esters. 
Compounds containing active groups are solvents for the cellulose esters 
only if the hydrocarbon residues present are small. Consider the be¬ 
havior of rubber and of cellulose acetate to a number of types of 
compounds. 

Hydrocarbons, etc. Hydrocarbons are in general good swelling 
agents for rubber and non-solvents for the cellulose esters. For 
example: petrolic ether is a non-solvent for cellulose esters,^ and tur¬ 
pentine does not dissolve cellulose acetate.* It is interesting to note 
that the sesquiterpene, caryophyllene, which was the only exception 
encountered to the general rule that hydrocarbons are good solvents 
for rubber, will dissolve cellulose acetate and yield gels with it.® 

The stereoisomeric SYm.-dichlorethylenes present an interesting 
case. Walden and Werner® found these isomers to differ noticeably 
in dielectric constant, the cis- compound having a dielectric constant 
about half that of the trans- compound. Our measurements showed 
that the cis- compound has a ^higher , swelling power for rubber than 

^Vide Mardles, /, Soc. Chsm. Ind.^ 42 128T (1922); McBain, Harvey and Smith, 
/. p/tys. Chem, SO, 835 (1926). 

• C7/. e*g., Sproxton, Third Hep, CoUcid Chem., p, 84. 

* Fenton and Berry, Proc, Ctmh, Phil, Soc.^ 20^ 16 (1920). 

® D4ta for which no literature references are given are from the author's laboratory. 

*Z. physik, Chem., Ill, 465 (1924), 
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the trans- isomer, and, in accord with this findin^H^t it is a better 
precipitant for cellulose acetate. 10 ccs. of a 2.5 per cent solution of 
cellulose acetate in acetone required about 14 ccs. of the cis- and about 
24 CCS. of the trans- compound to produce turbidity. That is to say: 
the isomer which swells rubber the more is the more effective in 
de-solvating cellulose acetate. 

Aldehydes. Acetaldehyde, in which an active group is attached to 
a short hydrocarbon residue, is a solvent for c^lulose acetate,'^ and a 
non-solvent for rubber. If the hydrocarbon residue attached to the 
same active group is lengthened, the position gradually becomes re¬ 
versed: solvent action on cellulose acetate falls off and imbibition by 
rubber increases. Thus heptaldehyde fails to dissolve cellulose acetate,® 
but dissolves raw rubber. Salicylaldehyde ® anisaldehyde, and cinnamyl 
aldehyde all dissolve cellulose acetate, but are very poor swelling agents 
for rubber. 

Ketones. Acetone is a very good solvent for the ordinary cellulose 
acetate; it will precipitate rubber from solution. Methyl ethyl ketone 
is a poorer solvent for cellulose acetate than is acetone,^® but the 
position is reversed in regard to the swelling of rubber: methyl ethyl 
ketone produces a little swelling, whereas acetone produces none at all, 
and, in accord with this, very much more methyl ethyl ketone than 
acetone is required to precipitate rubber from a given solution. It is 
necessary to go only to the next member of the series, viz. diethyl 
ketone to encounter a liquid which will not dissolve cellulose acetate 
but will dissolve rubber. The next member, ethyl propyl ketone, is, 
similarly, a solvent for rubber and a non-solvent for the acetate. 

The initial product of the acetylation of cellulose is soluble in 
chloroform and almost insoluble in acetone. In the industrial pro¬ 
duction of cellulose acetate, the initial product is usually treated with 
water according to the Miles process. This treatment if carried 
far enough renders the acetate sohible in acetone and insoluble in 
chloroform,^^ This state of affairs is in accord with the point of view 
here under consideration. The partial hydrolysis which the treatment 
produces would; by increasing the polar character of the cellulose 
acetate, increase its affinity for a polar molecule such as that of acetone 
and diminish its affinity for a non-polar substance such as chloroform. 

Nitro compounds. Another active group, the presence of which 
usually results in a high dielectric constant and favors solution of 
cellulose acetate but which is unfavorable to the swelling of rubber, is 
the nitro group. Nitrobenzene has long been known as a solvent for 

’ Fenton and Berry, loc. cit. 

■Mardles, 7. Soc. Chenu Ind., 48, 127T (1923). 

•Fenton and Berry, ioc. cit. 

^•Mardlea, loc^ cit. 

^Cf. e.g., Worden, “Technology of the cellulose esters,” 19X6, vol, 8, 2674. 
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cellulose nitrate; it is also a solvent for the acetate.^^ It does not dis¬ 
solve rubber, and is a comparatively poor swelling agent for that 
material. Nitromethane is not imbibed by rubber, but is, I find, a 
very good solvent for cellulose acetate, taking up large quantities in 
the cold. While the ether anisole is a good rubber solvent and a non¬ 
solvent for cellulose acetate, the introduction of a nitro group, as in 
o-nitranisole, destroys the ability to swell rubber, but confers solvent 
power for cellulose acetate. 

Nitriles. Acetonitrile, a liquid with a high dielectric constant, dis¬ 
solves cellulose acetate,^^ but entirely fails to swell rubber. If, how¬ 
ever, as in capronitrile, C 5 H 11 CN, the hydrocarbon residue is increased 
considerably in size, a nitrile produces some swelling of rubber and 
is only a very poor solvent for cellulose acetate. (Capronitrile will 
dissolve cellulose acetate on boiling, but the latter separates again on 
cooling.) Phenylacetonitrile produces hardly any swelling of rubber; 
it will dissolve cellulose acetate. 

Anhydrides. Acetic anhydride is well known to dissolve cellulose 
acetate; it swells rubber hardly at all. If, however, the homologous 
series is ascended to the n-valeric compound, (C 4 H 9 C 0 ) 20 , it is found 
that the anhydride swells rubber but is a very poor solvent for cellulose 
acetate. (The acetate will dissolve in boiling valeric anhydride, but 
separates on cooling as a gelatinous precipitate.) 

Hydroxy compounds. The presence of the hydroxyl group, par¬ 
ticularly in the aliphatic series, by rendering the molecules polar, tends 
to produce solvent power for cellulose acetate and lack of such power 
for rubber. Only if a long hydrocarbon chain is attached to the 
hydroxyl group are in general hydroxy compounds imbibed by rubber, 
and even then only to such a small extent that they will not disperse 
the rubber. The lower alcohols will dissolve cellulose acetate on heat¬ 
ing, but the solvent power falls off from methyl to ethyl to butyl 
alcohol.^^ Rubber has such little affinity for methyl and ethyl alcohols 
that these liquids will precipitate it from solution. As the series is 
ascended, however, alcohols lose the ability to precipitate rubber; they 
acquire ability to swell rubber and lose ability to dissolve cellulose 
acetate. Heptyl alcohol will dissolve cellulose acetate only on boiling, 
and the acetate separates on cooling, while octyl alcohol will not dissolve 
cellulose acetate even on boiling, but will produce some swelling of 
rubber. 

Ethylene chlorhydrin,^® monochlorhydrin, and dichlorhydrin are 
solvents for cellulose acetate. They produce practically no swelling 
of rubber. If, however, the hydroxyl groups are completely replaced 

Fenton and Berry, loc. ciU 
^^Mardles, loc. cit. 

Putman and Kirat, tJ. S. Pat., Feb, 14, X922. 
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by chlorine, as in ethylene dichloride and trichlorhydrin, good solvents 
for rubber at once appear. 

Other hydroxy compounds which are solvents for cellulose acetate 
but produce little or no swelling of rubber are: benzyl alcohol,phenol, 
cresol,^’’ cyclohexanol, diacetone alcohol, the monomethyl ether of 
ethylene glycol,^® eugenol,^® lactic acid,^® ethyl lactate. Under the head 
of hydroxy compounds reference may be made to thioglycollic acid. 
This swells rubber, hardly at all. It was found to be a solvent for 
cellulose acetate. 

Bases, Aniline will dissolve cellulose acetate,^® but substitution 
in the amino group reduces solvent power, methylaniline being a poorer 
solvent than aniline and dimethylaniline a non-solvent.*-®^ The behavior 
of rubber in these liquids is exactly the reverse: aniline hardly swells 
rubber at alb; methylaniline swells it considerably but not sufficiently 
to lead to dispersion; dimethylaniline is a good solvent for rubber. 
Benzylamine will dissolve cellulose acetate;®^ dibenzylamine has very 
little solvent power for the ester, it being necessary to raise the liquid 
to its boiling-point (300°) in order to produce dissolution. Conversely, 
benzylamine produces only slight swelling of rubber, while dibenzyla¬ 
mine produces considerable. 

The influence of an unsubstituted amino group in conferring solvent 
power for cellulose acetate and destroying it for rubber is seen in the 
case of anisidine. As already mentioned, anisole is a solvent for 
rubber and not for cellulose acetate, o-Anisidine, on the contrary, is 
hardly, imbibed at all by rubber, whereas it will dissolve cellulose 
acetate. 

Acids, In the series of fatty acids, too, the rule holds that solvent 
power for cellulose acetate falls and for rubber rises as the series is 
ascended. Acetic acid will dissolve the ester, but not rubber, whereas 
caprylic acid will dissolve rubber, but is only a very poor solvent for 
the ester. Although the lowest members of the fatty acid series are 
non-solvents for rubber, the corresponding acid chlorides are good 
solvents. I find that conversely the acid chlorides will not dissolve 
cellulose acetate. That is to say: as in the case of the alcohols and 
glycols, replacement of —OH by Cl (R.CO.OH-^R.CO.Cl) re¬ 
verses behavior towards cellulose acetate and rubber. 

Esters, Methyl acetate, CHa.COOCHn, is a solvent for cellulose 
acetate,whereas it is a precipitant for rubber. Speaking broadly, it 
may be said that any lengthening of either of the alkyl groups, R or R', 

“Mardlea, toe, cit.; Trans. Farad, Soc,, 18, 313 et seq. (1923), 

« Mardles, /. Soc. Chem. Ind., 42, 127 (1928). 

« Marks Eng. Pat. 238,486, Apr. 8, 1926. 

Worden, toe, cit,, 2681. 

“ Fenton and Berry, loc, cit; Mardles, loc. cit 
. Mardles, loc, cit 

^ Mardlesy loc, cit 

“Mardles, loc, cit. 
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in an ester, R.COOR', reduces the solvent power for cellulose acetate 
and raises the imbibition by rubber. For example, if the R' of methyl 
acetate is increased to C 4 H 9 , solvent power for cellulose acetate is lost, 
butyl acetate being a non-solvent.^® 

On the other hand swelling power for rubber rises through ethyl 
through propyl to butyl acetate, the latter being a solvent. Or consider 
the case of lengthening the group R. Ethyl acetate is a cellulose acetate 
solvent and a rubber non-solvent, whereas ethyl butyrate is a non¬ 
solvent for cellulose acetate^® and a solvent for rubber. 

The influence of an increase in the length of the hydrocarbon residue 
is to be seen particularly clearly in the case of the esters of dicarboxylic 
acids. Ethyl oxalate, (C 2 H 600 C) 2 , will dissolve cellulose acetate,®"^ 
but produces hardly any swelling of rubber. Isoamyl oxalate, 
(CeHnOOC) 2 , however, with its longer alkyl groups, fails to dissolve 
cellulose acetate even on heating to its boiling-point, but swells rubber 
very considerably. Again, without increasing the ethyl groups of ethyl 
oxalate, interposition of an alkylene group between the carbethoxy 
groups causes solvent power for cellulose acetate to fall and imbibition 
by rubber to rise. Ethyl malonate is still a solvent for the acetate 
and a poor swelling agent for rubber, and so is ethyl succinate, but 
ethyl sebacate, EtOOC . (CH 2)8 - COOEt, is a non-solvent for cellulose 
acetate,^® while it swells rubber very considerably. 

A similar state of affairs occurs with the esters of dihydric alcohols. 
The following are imbibed in increasing amounts by rubber, viz. * 

Ethylene glycol diacetate, CHsOOC. CH 2 . CH 2 . COOCHa, 
Trimethylene glycol diacetate, CH 5 OOC . CH 2 . CH 2 . CH 2 . 
COOCHa, 

Ethylene glycol dipropionate, C 2 H 5 OOC. CH 2 . CH 2 . COOCaHs, 
Ethylene glycol diWyrate, CaH^OOC . CH 2 . CH 2 . COOCaHr, 
Trimethylene glycol dibutyrate, CsHtOOC . CH 2 . CH 2 • CH 2 . 
COOC 3 H 7 . 

This also represents the order of diminishing solvent power for cel¬ 
lulose acetate. The first two liquids dissolve the acetate readily in 
the cold. The third causes it to swell in the cold but requires gentle 
heating to produce solution. The last two liquids require heating to 
the boiling-point to produce solution, and on cooling the solutions the 
cellulose ester separates. 

Similar relations hold in the case of many other series of esters, 
increase in the proportion of the molecule represented by hydrocarbon 
residues leading in general to greater imbibition by rubber. 

"Mardl^ss, locn eit. 

*«Mardles, loc. ci*. . ‘ 

Fenton and Berry, he. cit. 

“ C/. Worden, hc^ cit., 2697. 
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Ethers, In general ethers are non-solvents for cellulose acetate 
and solvents for rubber. As already mentioned, rubber is soluble and 
cellulose acetate insoluble in mixed alkyl-aryl ethers such as anisole. 
It was observed, however, that Y'hromopropyl phenyl ether had very 
little swelling power for rubber; and, on examining the effect of this 
compound on cellulose acetate, it was found to dissolve the latter. 

Di-ethers of the acetal type are interesting. Acetal itself, 
CHa .CH( 0 C 2 H 6 ) 2 , has been described as a non-solvent for cellulose 
acetate; it is a good solvent for rubber. If, however, the more 
polar compound, methylal, H.CH(OCH 8 ) 2 , is examined, it is found 
to be a non-solvent for rubber and an excellent solvent for cellulose 
acetate. 

Various compounds, Formamide, a liquid with a very high di¬ 
electric constant, dissolves cellulose acetate,®® but is not imbibed at all 
by rubber. Liquid sulphur dioxide is a solvent for cellulose acetate,®^ 
but not for rubber. 

Behavior of Meta-St3nrene to Organic Liquids: 

Following the general considerations regarding the influence of the 
chemical constitution of liquids on the behavior of organophilic colloids 
which have been outlined in the above comparison of rubber and cel¬ 
lulose acetate, some observations were made on the behavior of meta¬ 
styrene in various liquids. And it was found that this colloid, which, 
like rubber, is a hydrocarbon, in general swells and disperses in liquids 
of the same types as those in which rubber swells and fails to swell in 
liquids which are non-solvents for rubber but good solvents for cellulose 
acetate- In the case of meta-styrene, as in the case of rubber, in¬ 
crease in the length of the hydrocarbon residues present in a given 
t 3 rpe of organic molecule tends to increase ability to produce swell¬ 
ing and dispersion. 

Owing probably to the lower mechanical strength of swollen meta¬ 
styrene as compared with that of swollen rubber, meta-styrene usually 
disperses more easily than rubber. It was found, for example, that, 
where meta-styrene is insoluble in the lowest member of a given 
homologous series, it is not usually necessary to ascend the series so 
far as in the case of rubber in order to encounter a solvent. But this 
quantitative difference from rubber does not obscure the fact that 
broadly the same generalizations regarding the relation between chem¬ 
ical structure and swelling power hold for meta-styrene as for rubber. 
Some examples will serve to illustrate the parallelism between the be¬ 
havior 'of meta-styrene and rubber and the contrast between meta¬ 
styrene and cellulose acetate. 

** Fenton and Berry, loc. cit. 

Fenton and Berry* loc, cit. 

“Fenton and Berry, loc, cit. 
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In formamide, acetonitrile, acetoacetic ester, ethyl alcohol, dichlor- 
hydrin, diacetone alcohol, cyclohexanol, ethyl malonate, ethyl oxalate, 
acetic anhydride, and acetic acid, all of which are solvents for cel¬ 
lulose acetate and non-solvents for rubber, meta-styrene entirely fails 
to swell. Ethers, Meta-styrene dissolves in acetal; less readily in 
ethylal, and not at all in methylal. It readily disperses in anisole. In 
the aliphatic ethers its behavior is different from that of rubber, since 
it swells only very slowly in ethyl ether and not at all in isoamyl ether. 
Hydrocarboi’ts, Like rubber, meta-styrene readily swells and disperses 
in aromatic hydrocarbons and halogenated hydrocarbons, e,g., in ben¬ 
zene, toluene, xylene, tetrahydronaphthalene, chloroform, carbon tetra¬ 
chloride, tribromhydrin, bromonaphthalene. But it imbibes aliphatic 
hydrocarbons hardly at all (Cf. its behavior in aromatic and aliphatic 
ethers, supra). Rubber imbibes aliphatic hydrocarbons to a much 
smaller extent than aromatic ones, but the difference is by no means 
so marked as in the case of meta-styrene. Meta-styrene imbibes pinene 
only slightly. Like rubber, it hardly swells at all in caryophyllene. 
Esters, As in the case of rubber, while ethyl malonate produces no 
swelling, ethyl sebacate swells meta-styrene and gradually disperses 
it. As with rubber, swelling generally increases as the length of the 
hydrocarbon residues is increased. Thus butyl acetate swells and 
disperses meta-styrene comparatively quickly, whereas after a week 
at room temperature methyl and ethyl acetates have produced only 
swelling, not solution. Ethyl butyrate, amyl acetate, and ethyl hepto- 
ate all swell and dissolve meta-styrene. Ethyl benzoate, a rubber 
solvent, also dissolves meta-styrene gradually. Amines, As in the 
case of rubber, swelling power increases in the order aniline-methyl- 
aniline-dimethylaniline; and the secondary amines, diethylamine and 
piperidine, are powerful solvents. Sulfur compoufids, A striking 
feature about the behavior of rubber towards organic liquids is that 
the replacement of oxygen by sulfur often converts a substance with 
little or no swelling power into a powerful swelling agent and solvent. 
This is found also to be the case with meta-styrene. Ethyl mer¬ 
captan and thiophenol rapidly disperse it. Phenyl isothiocyanate, a 
good solvent for rubber, is also one for meta-styrene. It is dis¬ 
tinguished by giving a comparatively limpid solution. Aldehydes, As 
with rubber, heptaldehyde produces swelling followed by solution; and 
benzaldehyde swells the colloid more rapidly than salicylaldehyde. 
Ketones, Acetone is imbibed only very slightly by meta-styrene. 
Methyl ethyl ketone is imbibed to a considerably greater extent, and 
after seven days at room temperature has dispersed the colloid. Diethyl 
ketone rapidly swells meta-styrene, and takes it into solution at room 
temperature within seven hours. Acids, The fatty acids are much 
poorer swelling agents in the case of meta-styrene than in that of 
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rubber. Butyric acid produces practically no swelling, and even caprylic 
acid requires a long period at room temperature to produce solution. 

Higher Cellulose Esters and Cellulose Ethers: 

Still further examples serving to exhibit the interrelation in chem¬ 
ical character between organophilic colloids and their ‘‘solvents’’ are 
to be found in the higher esters and in the ethers of cellulose, although 
the amount of data available in this connection is not large. 

Stearates and laurates of cellulose were prepared by Griin and 
Wittka by treating cellulose, in the presence of pyridine, with stearyl 
and lauryl chlorides. In these higher esters the CHs groups of cel¬ 
lulose acetate are represented by long hydrocarbon residues, CuHss 
and C 11 H 28 respectively. These esters are therefore much less polar 
than cdlul6se acetate, and accordingly their solubility relationships are 
different from those of the latter. Cellulose dilaurate and distearate 
are insoluble in the usual solvents for the ordinary cellulose esters; in 
epichlorhydrin, dichlorhydrin, and the esters of monocarboxylic acids. 
They are precipitated from solution by acetone. Cellulose disteafate 
is insoluble in triacetin (a solvent for cellulose acetate), but, as the 
size of the alkyl groups is increased, its solubility in triglycerides 
increases. It shows progressively increasing solubility in tributyrin, 
tri-isovalerin, tricaprylin, etc., and dissolves freely in triolein.®* It is 
to be observed that the solubility relations of cellulose stearate are 
thus in contrast with those of cellulose acetate despite the fact that 
the degree of acylation is lower in the stearate than in the acetate. 
The ordinary acetate corresponds approximately to a tri-ester, while 
the highest stearate prepared by Griin and Wittka was only a di-ester. 
If a tristearate could be prepared, it would probably be found that 
the contrast was still more marked. Not improbably cellulose tri¬ 
stearate would dissolve in hydrocarbons. The dilaurate, dipalmitate, 
and distearate of hydrocellulose (slightly degraded cellulose) prepared 
by Gault and Ehrmann®^ were in fact colloidally soluble in benzene 
and other aromatic hydrocarbons. They were also soluble in chloro¬ 
form and in tetrachlorethane, and were insoluble in acetone, alcohol, and 
acetic acid. 

Cellulose ethers have not yet been studied very fully. They are 
however presumably less polar than the lower esters; and, in accord 
with this presumption, it is found that, while cellulose acetate is in¬ 
soluble in hydrocarbons, cellulose ethers are stated to dissolve in 
tetra- and deca-hydronaphthalene and apparently also in ethyl- 

**Z. angew. Chem., 24, 646 (1921). 

•* Grun and Wittka, he. cii. 

*^€4}mpt. rend., 177, 124 (1923), 

«»U. S. Pat. 1.441,181, Jan. 2, 1923. 
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benzene.®® It would also appear that they are soluble in dimethyl- 
aniline, a liquid in which, as previously mentioned, cellulose acetate 
is insoluble. 

Phytosterolin: 

Phytosterolin, a glucoside of sitosterol, was discovered by Power 
and his co-workers in the resin of various plants. It has since 
been found to occur frequently, although only in small founts, in 
vegetable products; it occurs, for example, in such diverse materials 
as rhubarb, wheat, and rubber. It does not possess a melting-point, 
but decomposes on heating to a high temperature (ca. 280®). As 
was observed by its discoverers, it is insoluble in all the ordinary 
organic solvents, such as alcohol, ethyl acetate, acetone, benzene. The 
only solvents for it that were encountered by its discoverers were 
pyridine and hot amyl alcohol. 

A further examination of phytosterolin shows that it has the prop¬ 
erties of an organophilic colloid. Cn heating it with a variety of 
organic liquids, it will swell and then undergo dispersion; and, on 
cooling, such dispersions often set to firm gels. It is intjeresting 
to find that the liquids with which it forms sols and gels are, broadly 
speaking, similar in type to those in which a hydrocarbon colloid will 
dissolve. Apparently the large hydrocarbon residue, C 27 H 46 , of thb 
phytosterol is sufficient to render the molecule one of low polarity 
despite the presence of five OH groups in the glucose part. Phyto¬ 
sterolin will, for example, disperse and yield gels with amines such 
as dibenzylamine and dimethylaniline. It will also yield sols and 
gels with a high-boiling hydrocarbon such as mesitylene and with a 
high-boiling halogenated hydrocarbon such as a-bromonaphthalene. 
Other types of liquids in which it will disperse and which are also, 
swelling agents for rubber are mustard oils {e.g., phenylisothiocyanate), 
higher ethers {e,g., anisole), and higher fatty acids {e.g,, caprylic 
and oleic acids).®® The fact that it will dissolve in fatty acids is of 
interest as suggesting that in nature it occurs in solution in the fatty 
acids which usually or always accompany it. In fact it is perhaps 
the only known naturally-occurring organophilic colloid which occurs, 
in nature in a swollen condition. 

Silver Soaps: 

While the alkali metal soaps are both hydro- and organo-philic, 
the silver soaps are only organophilic. And it is interesting tp find 
that, in so far as a first survey of their solubility relationships en- 

WTT, S. Pat. 1,467,091, Sept. 4. 192S. 

Trans, Chem. Soc„ 97, 99 (lOlOl; 99, 937 (1911); 103, 899, 1092 <1913), 

“ Whitby, DoUd, and Yorston, Trans, Chsm/ Sac.^ June, 1926. 
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ables a general statement to be made, they are dispersable and form 
gels in liquids of the same types as those which swell rubber and 
phytosterolin. This may be considered as due to the long hydrocarbon 
chains which they contain. Silver palmitate, steai*ate, and oieate 
swell and disperse on heating them in xylene, and the sols thus formed 
set on cooling to clear or translucent gels. Silver oieate behaves 
similarly in benzene, but the palmitate and stearate do not appear to 
swell sufficiently in boiling benzene for dispersion to take place. Dis¬ 
persion in organic liquids can be obtained at a lower point in the fatty 
acid series in the case of the silver than in the case of the alkali metal 
salts. Thus, silver caproate will disperse in hot xylene and on cooling 
form a weak gel, whereas sodium and potassium caproates remain un¬ 
dispersed in boiling xylene.^® 

Molecular Weight of Organophilic Colloids. 

Rubber and the cellulose esters, the most fully investigated prgano- 
philic colloids and those of greatest industrial importance, are gen¬ 
erally supposed to have very high molecular weights; and there is 
perhaps a tendency to assume that the possession by an organic sub¬ 
stance of the ability to swell in suitable liquids, to yield viscous 
solutions at low concentrations, and to form gels necessarily implies 
a high molecular weight. . That any such assumption is unjustified is 
proved by the fact that such comparatively small molecules as those of 
the soaps CirHasCOONa and CiTHssCOOAg) and of phytostero¬ 
lin (CoHiiOeCoTHio) possess the properties mentioned. Another ex¬ 
ample of an organophilic colloid of known, low molecular weight is one, 
of considerable interest, afforded by the recent work of Staudinger 
and Bruson on the polymerization of cyclopentadiene. These authors 
have obtained a series of five polymerization steps of cyclopentadiene, 
of the type 

CH2 r CHa n CHs 

/ \ / \ / \ 

CH CH- CH CH -CH Cl I 

II I I I I II 

CH-CH-LcH- CViJx -CH-CH 

Colloidal properties appeared in the penta-polymer. While tri- and 
tetra-cyclopentadienes are crystalline solids and give normal values for 
the molecular weight by the freezing-point method in benzene, penta- 
cyclopentadiene is an amorphous solid, forming colloid^ solutions and 
giving abnormally high values for the molecular weight by the cryo- 
scopic method. This substance, (CsHe)^, has a comparatively small 

"Whitby, Science, 53, 580 0921); Trane. Ckem. Soc., June, 1926, 

" Liebig*s Ann, 447, 97 (1926). 
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molecule, yet its solutions in benzene show the Tyndall phenomenon, 
and it separates from such solutions on cooling in a gelatinous condi¬ 
tion. A 1 per cent solution in hot nitrobenzene gels on cooling. 

The mere fact that an organophilic colloid gives high values when 
the molecular weight is determined by cryoscopy cannot be accepted 
as sufficient evidence of the possession of a high molecular weight 
in the sense in which the term is applicable to crystalloids. Staudinger 
and Bruson’s pentacyclopentadiene gave values from (C 5 H 6 )i 8 to 
(C 5 H 6 ) 4 o, yet molecular weights determined by the ebullioscopic method 
in chloroform and other evidence showed the molecule to be only 
(C6H6)fi. Another case to which reference may be made in this con¬ 
nection is that of the organophilic colloids obtained by heating dry¬ 
ing oils alone, with oxygen, or with sulfur. Here too it has been 
found that the values obtained for the molecular weight by cryoscopy 
(including Rast’s camphor method) vary in a disturbing way with the 
concentration of the solution.^^ It is of course well known that the 
figures obtained for the molecular weight of hydrophilic colloids 
often vary with the concentration, but, as most of such colloids are 
naturally occurring substances of unknown molecular weight, it is 
not possible in such cases, as it is in the case of some of the organo¬ 
philic colloids mentioned above, to compare the figures obtained with 
the known molecular weight. 

Considerations such as those just indicated suggest that it is de¬ 
sirable to exercise great caution in concluding from molecular weight 
determinations made by the ordinary methods that the molecules (the 
‘‘chemical’ molecules) of rubber and the cellulose esters are neces¬ 
sarily very large. 


Swelling. Viscosity. 

It would probably not be unfair to say that the property of lyophilic 
colloids which is fundamental arid on which most of the other prop¬ 
erties depend is ability to imbibe suitable liquids—to swell. That 
tlais is so is perhaps somewhat obscured in the case of hydrophilic 
colloids and especially in the case of proteins by ionic effects. In the 
case of proteins a great deal of attention has been devoted to the 
way in which the magnitude of the swelling is influenced by the con¬ 
centration of hydrogen, hydroxyl, and other ions—^not unnaturally, 
on account of its probable physiological importance. But, even in the 
case of proteins; the fundamental fact of the occurrence of swelling 
at all would seem to call for an explanation on lines other than ionic 

ones; and certainly in the case of the organophilic colloids, especially 
* 

*^Vide Seaton and Sawyer, /. Ind. Eng. Chem., 8 , 490 (1916); Friend, Trans. Qhem. 
Soc., Ill, 162 (1917); /. OU and Color Chemists Assoc., 1924, Suppl. to 7, No. 46; 
Morrell, 7, 163 (1924); Whitby and Chataway, J, Soc. Chetn. Ind., 45, 116T 

(1926). - 
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in the case of hydrocarbon colloids, an explanation of swelling cannot 
possibly be found in terms of ions. 

To make ^ny dogmatic statements as to the fundamental nature 
of swelling would, in the present state of our knowledge, be premature. 
Nevertheless, it may be remarked that a consideration of the rela¬ 
tions which exist between the chemical character of liquids and their 
imbibition by a given organophilic colloid, especially by rubber {vide 
supra), make it difficult to resist the conclusion that the process of 
imbibition by lyophilic colloids is essentially similar to the process 
of solution in the case of crystalloids, the main difference between 
such colloids and crystalloids being that in the case of the former 
the association of the liquid with the solid does not, as in the latter, 
lead to dispersion of the solid into its individual molecules. In the 
case of lyophilic colloids, molecules of the ‘"solvent” associate them¬ 
selves with molecules of the solid by means of residual forces, but 
this does not have the effect, as it does in the case of crystalloids, 
of breaking all the bonds which in the original solid united the in¬ 
dividual molecules into crystals or other aggregates, and there results 
swollen (solvated) aggregates of molecules, A view similar" to this 
has recently been expressed by Arsem,^^ w^ho writes: “When a crystal¬ 
line substance goes into solution, it seems permissible to assume that 
the lattice-forming residual valence bonds are separated and appropri¬ 
ated by the superior combining power of the solvent molecules, so 
that the crystal structure is entirely broken down and the molecules 
individually dispersed. In a gel [say, a swollen lyophilic colloid], 
however, some of the residual valences function permanently as lattice 
bonds while others remain free and can hold or release molecules of 
free phase in accordance with surrounding conditions. Swelling, then, 
is the result of the combination of the molecules of a fluid with the 
free valences of a gel lattice,” 

In view of the fact that in the swelling of a colloid the associa¬ 
tion of the liquid with the solid is, as it were, arrested before it has 
brought about the dispersion of the solid to its molecular units, it 
is not perhaps extravagant to say that a study of the forces involved 
in imbibition by colloids should go a considerable way towards elucidat¬ 
ing the process of solution of crystalloids. 

In addition to considerations regarding the relation between the 
chemical character of organophilic colloids and that of the liquids 
which they will imbibe, there are some other considerations which 
suggest that swelling bears a similarity to solution. There exists a 
very broad relationship between dielectric constant and swelling power 
for organophilic colloids, although, as Mardles^® has pointed out in 


"7. phys. Chem., 30, 300 (1920). 

**7. Soc. Chem. Ind,, 42, 127T (1928), 
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the case of cellulose acetate, there is far from being an exact paral¬ 
lelism. The broad relation, between dielectric constant and swelling 
power is best seen in the case of rubber. Rubber, a hydrocarbon, has 
a low dielectric constant, and, speaking broadly, swells most in liquids 
of low dielectric constant. In the course of our work on the swell¬ 
ing of rubber it has repeatedly been found that the possession of 
swelling power on the part of liquids could be predicted on the strength 
of this generalization. Thus, for example, following it, stannic chlo¬ 
ride, arsenic chloride and especially silicon tetrachloride were dis¬ 
covered to be good swelling agents for rubber. The extent to which 
a number of given liquids will swell*rubber is not usually in the 
exact order of the dielectric constants if the liquids belong to differ¬ 
ent chemical classes, but in a homologous series the. order of swell¬ 
ing power is generally inversely that of the dielectric constants. The 
existence of a relation, albeit only a broad one, between dielectric 
constant and swelling is in accord with the view that swelling is 
similar to solution. (Regarding the relation between dielectric con¬ 
stant and solvent power for crystalloids, see e.g., Walden and Werner, 
Zeit, physikd., 1924, 111, 465.) 

In opposition to the idea of Fenton and Berry that a simple re¬ 
lation exists between high dielectric constant and solvent action on 
cellulose acetate, Mardles ^ has urged the fact that, whereas dielectric 
constant diminishes with rise of temperature, solvent action increases. 
A similar argument from the effect of temperature on solvent action, 
if applied to rubber, however, would tend to support rather than 
oppose the idea of a relation between dielectric constant and solvent 
action. For it would run as follows: a low dielectric constant in a 
liquid is favorable to swelling; rise of temperature reduces the di¬ 
electric constant; it should therefore (as in fact it does) increase 
swelling. The case would, however, be more correctly viewed in 
another way. The fact that rise of temperature favors swelling and 
dispersion both of cellulose acetate and of rubber should, it would 
seem, be read as arguing generally that the swelling process is es¬ 
sentially one of solution, for we know in the case of crystalloids that 
rise of temperature almost invariably favors solution, whether the solute 
is one which dissolves most freely in liquids of low dielectric con¬ 
stant (e.g,, hydrocarbons) or in liquids of high dielectric constant 
ethyl alcohol). 

Reference may be made to the work of Knoevenagel and Motz*® 
on the distribution of various swelling agents for cellulose acetate be¬ 
tween the colloid and water in which the colloid was shaken. Work¬ 
ing with aqueous solutions of aniline, phenol, and ethyl tartrate, 

**Loc, cit, 

*^Loc. cit ; , 

^Kolloidchem, Beiheftf, 13, lU (1921). 
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these authors found the distribution of the swelling agent to follow 
the law (Henry's) applying to the distribution of a common solute be¬ 
tween two immiscible liquids. This result suggests that imbibition by 
cellulose acetate is essentially a process of solution. 

Consider now the question of the role of solvation in the viscosity 
of sols of organophilic colloids.^^ Although the electrical charges on 
the particles may play a certain part in the viscosity of such sols,^® 
they apparently never play more than a comparatively small part. 
And the question arises as to whether the major role in the viscosity 
of sols of organophilic colloids is to be ascribed to solvation or to 
some other cause, such as, e,g,, the existence of structure in the sys¬ 
tem. In the case of sols of nitrocellulose, McBain^® has recently 
expressed the opinion that the high viscosity is due for the most part, 
not to true solvation, but rather to the immobilization of solvent 
owing to its being enmeshed in a loose structure formed by cohering 
and ramifying rigid colloid particles or micelles. He bases this opin¬ 
ion in part on the fact that sorption experiments show the degree 
of solvation of nitrocellulose to be not more than 100 per cent 
of the weight of the nitrocellulose—a degree altogether too small to 
account for the observed viscosities. 

There is reason to believe in the case of certain other and prob¬ 
ably in the case of many other organophilic colloid sols that the de¬ 
gree of solvation is much greater than that just mentioned, and con¬ 
sequently that solvation plays an important if not a major part in 
producing high viscosities. For example, rubber can readily be ascer¬ 
tained to imbibe 2000-4000 per cent of its weight of solvent when 
placed in certain liquids. When raw rubber is immersed in a liquid 
of high swelling power, e.g., benzene, o-dichlorobenzene, carbon tetra¬ 
chloride, it will be found to have increased in weight 20-40 times 
after 24 hours; it will thereafter gradually lose weight owing to diffu¬ 
sion of the swollen rubber into the liquid. And the actual degree 
of solvation of rubber by good swelling agents is almost certainly even 
higher than the increase in weight when a piece of rubber is immersed 
in the liquid, since diffusion of the solvated rubber out of the swollen 
gel begins before the piece as a whole has reached its maximum 
swelling. 

In addition to that obtained from measurements of swelling, it 
seems possible to get some light on the solvation of rubber in its sols 
in certain other ways. On examining a benzene solution of rubber 
with the dark field condenser, it is impossible to discern particles 

"It is hoped to discuss the role of solvation in the gelation of sols of organophilic 
colloids in a later paper on the silver soapa 

"Cf. Kmyt and Eg§:ink, Proc, Roy, Acad. Rotterdam, 26, 43- (1928); Whitby and Jane, 
Second Colloid Symposium Monograph, 1925, 16; de Vries, Archief voor de Rubbercuftuur, 
9. 294 (1926). 

pkys. Ckem., 80, 239 (1926). 
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of disperse phase, but if the solution is subjected for some time to 
heat or to ultra-violet light (agencies which have the effect of re¬ 
ducing the viscosity), it becomes possible to see particles under 
the microscope. Or again, if a precipitating liquid of suitable composi¬ 
tion is added gradually to the solution, a stage is reached at which a 
strong Tyndall effect is observable; and at this point particles are 
visible with the dark field condenser. Further, if, after the point 
just mentioned has been reached, more of the precipitating liquid is 
added, a turbidity appears, indicating the inset of precipitation. If 
the liquid is now allowed to stand undisturbed for several hours, the 
precipitate which was responsible for the turbidity settles as an “oily’’ 
layer, which consists of rubber swollen with a large amount of benzene 
(very approximately of the order of lO times the weight of the rubber). 

In order to explain such observations, it would appear to be neces¬ 
sary to suppose the rubber in the original solution to be solvated to 
a very high degree, so that the refractive index of the disperse phase 
is practically identical with that of the medium, and so that only 
when de-solvated to a considerable extent do the particles differ suffi¬ 
ciently from the medium in refractive index to be microscopically 
visible. If the main difference between the original viscous solu¬ 
tion and the de-viscified solution was, following McBain’s view of 
the nature of solutions of nitrocellulose, not a large difference in 
the degree of solvation, but a difference in the extent of coherence 
and ramification of the micelles, there would seem to be no reason 
why, if the disperse phase is visible in the latter solution, it should 
not also be visible in the former. 

The fact that the turbidity-producing precipitate mentioned in the 
penultimate paragraph consists of rubber with a large proportion of 
benzene is direct evidence that the rubber particles in solution are 
highly solvated. It would appear that the minimum degree of solva¬ 
tion necessary to maintain rubber in colloidal solution in benzene is 
of the order of 1000 per cent. In the original, viscous solution the 
degree must be very much higher than this. 

In the case of most organophile colloids it is not so easy as in 
the case of rubber to secure a reasonably exact idea of the magnitude 
of the solvation in good swelling agents by direct measurements of 
the imbibition by pieces of the solid immersed in the liquid, owing 
to the fact that , the swollen colloid has such little mechanical strength 
that diffusion from the surface begins or disruption occurs long be¬ 
fore the piece as a whole has imbibed as much liquid as that corre¬ 
sponding to the weight of colloid which the piece represents. Never¬ 
theless, direct swelling experiments with acetocellulose made by 
Knoevenagel and Bregenzer®^ show that this colloid is capable of 

^ Kotloidchem. Beihefte, IS, 262 (1921), 
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imbibing comparatively large amounts of suitable liquids. For ex¬ 
ample, they found that when placed in a mixture of nitrobenzene 
and alcohol (8:2) a chloroform-soluble acetocellulose imbibed 592.6 
per cent when in film form and 818 per cent when in powder form. 

It was found by the authors just mentioned that liquids which 
produced greater swelling prior to dispersion gave more viscous solu¬ 
tions than liquids which produced smaller swelling. The well-known 
fact that the influence of H-ion concentration on the imbibition of 
water by gelatin and on the viscosity of solutions of gelatin run ap¬ 
proximately parallel may also be noted as indicating that solvation plays 
an important role in the viscosity of sols of lyophilic colloids. 

Elasticity. 

An understanding of the cause or causes of elasticity in lyophilic 
colloids would be of great value, especially in the case of rubber— 
the elastic colloid par excellence. There is a general apprehension 
that elasticity in organic materials necessarily connotes a two-phase 
(solid-liquid) system. Poole, from his recent illuminating investiga¬ 
tions of the elasticity of gelatin jellies®^ and of cellulose acetate 
jellies concludes that these jellies are two-phase systems. Such 
jellies, however, formed by first dissolving a colloid and then cooling 
the solution, are not necessarily strictly comparable with either raw or 
vulcanized rubber. They do not approach rubber in their degree of 
elasticity. (I here use the term elasticity, not merely as denoting 
the magnitude of Young’s modulus, but in the fuller, albeit more 
popular, sense of connoting the capability of being deformed by com¬ 
paratively small stresses [i.e., small compared, e.g., with the stresses 
required to deform metals] and of recovering quickly and practically 
completely from deformation when the stress is removed. ‘"Good” 
elastic properties in this usage imply, not merely or necessarily a 
high Young’s modulus, but rather a combination of high extensibility 
and high ultimate tensile strength, such as, e.g., is found in rubber in 
its optimum state of vulcanization. A cellulose acetate jelly may 
have a modulus of elasticity as high as that of vulcanized rubber 
strained to the same extent. Its elastic properties are, however, vastly 
inferior to those of rubber, because it is not so extensible. Thus 
Poole found a 20 per cent jelly of cellulose acetate in benzyl alcohol 
to have a modulus of 4.2 kg./cm.* at 56 per cent breaking elongation. 
This is of the same order as the modulus of a pure gum vulcanized 
rubber at the same elongation. The rubber could, however, be 
stretched, say, 800 per, cent before, it broke, and its ultimate tensile 
strength might be, say, 300 kg./cm,^) 

» rr«w. Farad. Soc„ 21, 114 (1926). 

“ Traans. Farad. Soc., Mar., 1926. 

Trans. Farad. Sac,, Mar., 1926,, 
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Raw rubber, even when entirely free from the resin and protein 
which naturally accompany it, is still highly elastic. It certainly contains 
no free liquid phase. And it seems to me doubtful whether it can be 
considered as a two-phase system in the ordinary sense of the term. 
If different phases are in fact present, it would appear that the less 

rigid phase or phases can only be a part of the hydrocarbon less 

highly polymerized than the rest. And the chemical and physical 
properties of this less highly polymerized part must be so similar 

to those of the more highly polymerized part that the two parts 

must be associated so closely, the higher polymer being, as it were, 
solvated by the lower, that they do not represent two separate phases 
in the ordinary sense of the term. • 

In this connection some observations made with meta-styrene seem 
to be illuminating. Meta-styrene is a hard solid. In massive pieces 
or films it is clear; as precipitated, white. It shows no evidence of 
the possession of elastic properties: the films are brittle, and the 
powder friable. Yet it acquires elastic properties when swollen. If 
it is precipitated, by acetone or alcohol, from a solution in, e,g,, 
xylene, benzene, or chloroform, the fresh precipitate is strikingly 
elastic; it is reminiscent of raw rubber; it is even more extensible than 
raw rubber, and it recovers from extension with a “snap.” If the 
precipitated material is allowed to stand in the air, it gradually loses 
its extensibility, and when all the solvent has evaporated iht re¬ 
maining meta-styrene is white and friable. That is to say: while 
in a swollen condition, meta-styrene is elastic; when unswollen, it 
is hard and brittle. A permanently elastic material can be obtained 
by incorporating with meta-styrene a non-volatile swelling agent, e,g., 
tricresyl phosphate or isoamyl phthalate. As showing that a swollen 
condition is necessary for the appearance of elasticity in meta-styrene, 
it may be mentioned that an inextensible material is obtained if, in-, 
stead of a swelling agent, a non-volatile liquid without swelling prop¬ 
erties is incorporated with meta-styrene. Such a liquid is cyclo- 
hexanol or high-boiling paraffin {e,g., ‘‘Glycoline”). Both these liquids 
are so completely lacking in swelling power for meta-styrene that they 
will precipitate it from solution. And if they are incorporated with, 
meta-styrene, the product is inelastic. 

Here then is a case of a rigid organophilic colloid which can be 
rendered elastic, not by causing it to form the solid phase in a solid- 
liquid system (the case of metarstyrene + cyclohexanol), but by merely 
causing it to swell. In writings on the two-phase nature of elastic 
gels, a solvated solid phase has been regarded as a single phase, free 
liquid being the other phase. “Elastified” meta-st 3 nrene is then, in 
this accepted sense, a one-phase material.®* . 

R. 0. Herzog has kindly undertaken to subject *'elastified” metarstyrene to X-ray 
examination. 
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It would seem that, although elastic jellies, such as those from 
gelatin and cellulose acetate, may be two-phase systems, elastic col¬ 
loids such as rubber and “elastified” meta-styrene, which are dis¬ 
tinguished from elastic materials of the first class by their much greater 
elastic extensibility, are not two-phase systems, at all events in the 
same sense. 

The so-called plasticizers often used along with cellulose esters, 
with such objects as reducing brittleness and increasing flexibility, 
are probably ‘"elastifiers,” using this term in the sense indicated above 
in connection with meta-styrene; that is to say, they are non-volatile 
swelling agents used to improve the extensibility of the esters,®® 

Another elastic colloid to which reference may be made in this 
connection is the gel obtained by heating a drying oil with sulfur.®® 
A liquid, which consists of unpolymerized or insufficiently-polymerized 
sulfurized oil, and which might be regarded as a free liquid phase, 
can be removed from such gels (by, e,g., extraction with acetone) 
without rendering the colloid inelastic. The remaining, elastic material 
is probably not a solid-liquid system but a single phase system in 
the above sense. It probably consists of a number of glycerides to 
which sulfur has been added and which have subsequently undergone 
polymerization. (The sulfurized oil gels possess little or no exten¬ 
sibility. This is probably due to a lack of coherency in the structure, 
which causes tearing to start as soon as stress is applied. Compres¬ 
sion tests, however, show them to possess considerable elasticity.) 

Another phenomenon the further investigation of which may also 
throw light on the cause of elasticity in colloids may be mentioned, 
viz., the influence of change of temperature in causing the appearance 
or disappearance of elastic properties. Certain colloids, although rigid 
and brittle at room temperature, if heated acquire elastic properties, 
which they lose again if cooled. Examples of such colloids are meta¬ 
styrene, caoutchouc hydrochloride,®’' and certain synthetic caoutchoucs 
mentioned by Ostromislenski.®® 

Among other phenomena which a complete theory of the nature 
of elastic colloids, especially of rubber, should explain are (a) creep 
and elastic after-effect, (&) the Joule effect, (c) the manner in which 
Young’s modulus changes as the material is strained, i.e., the shape of 
the stress-strain curve, (d) the high hystersis. Poole,®® who con¬ 
cludes from his investigations of cellulose acetate jellies that such 
jellies consist of a solid phase of solvated fibrils together with a liquid 
phase, refers to ‘'reversible solvation” in his explanation of creep 

* Cf. Gardner and Parks, U. S, Paint Manfrs. Assoc. Circ. 234, 260 (1925), quoted 
Ann. Reps. Prog. Appd. Chem.» 10, 370 (1925). 

®*Wmtby and Chataway, /, Soc. Ckem. Jnd., 46, 115T (1926). 

w Cf. Whitlnr and Jane, Trans. Roy. Soc. Canada, 20, 130 (1926). 

»>J. Russ.Phys. Chem. Soc., 47, 1374 (1915). 

Trans. Rarad. Soc., Mar,, 1926, 
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and elastic after-effect. It is difficult to believe that reversible solva¬ 
tion can explain creep and elastic after-effect in highly extensible elastic 
colloids such as rubber and “elastified” meta-styrene, in which, we have 
seen reason to believe, a liquid phase is lacking. Further, it seems 
improbable that mere stretching, even if repeated, will produce any 
de-solvation in the case of such colloids, as otherwise it might be ex¬ 
pected that stretching a piece of vulcanized rubber which had been 
swollen to a certain extent would produce syneresis. No such syneresis 
is observable. It seems more likely that the explanation of creep, 
elastic after-effect, recovery from sub-permanent set, ,and the Joule 
effect in rubber is to be sought, not in reversible solvation, but in 
orientation of the micelles. In this connection the observation of Katz 
that rubber shows an X-ray diffraction pattern ■ when stretched is 
suggestive. 

McGill University, 

Montreal, Canada. 

«®Katz and Bing, Z, angew. Chem,, 88, 439 (1925); Katz, Kolloid-Z., 86, 800 (1925). 



COLLOIDAL PROPERTIES OF THE SURFACE OF THE 
LIVING CELL 


By J. F. McClendon 


It was shown by Mauritz Traube^ that colloidal membranes may 
be formed by the interaction at the zone of contact of two mutually 
precipitating solutions; for instance a solution of copper sulfate and 
one of potassium ferrocyanide forming a colloidal membrane of copper 
ferrocyanide. Such membranes have been extensively studied by 
H. N. Morse at Johns Hopkins University, who used them as semi- 
permeable membranes in the measurement of the 'osmotic pressure of 
sugar solutions, Morse showed that when the membrane lost its col¬ 
loidal structure its semi-permeability was lost. For instance, if the 
membrane was treated with a solution of potassium chloride it lost 
its semi-permeability to sugar, and on microscopic examination, small 
crystals of copper ferroc5anide could be observed in the membrane; 
in other words, when it changes from a colloidal to a crystalline 
structure, or perhaps when the size of the crystals exceed the colloidal 
dimensions, semi-permeability is lost. Many other colloidal membranes 
have been used; for instance, Pascucci® made colloidal membranes 
out of lecithin and cholesterol, supported by silk. He showed that 
the permeability depended on chemical composition and tliat these 
membranes showed a certain similarity to the membranes on the sur¬ 
face of red blood cells. Since yi of the ghost of the red blood cell, 
that is, the part that remains after the diffusing out of the hemoglobin 
and salts, is lecithin plus cholesterol and the ratio of lecithin to choles¬ 
terol varies in different animals, and that the stability of the plasma 
membrane in blood cells of these animals is related to the stabili^ of the 
artificial membrane with the same ratio of lecithin to cholesterol, the 
analogy is very suggestive. D. T. MacDougal ® has for a number of 
years been studying colloidal membranes and their relation to the growth 
of plants. 

It seems certain that the surface of the living cell is of a colloidal 
nature. Viewed with the ultra-microscope, the surface of a red blood 
cdl, for instance, appears as a polished mirror, whereas the interior 
of the cell is opticdly void unless it has- been injured. It doesn’t 


^Areh. Aiwt. Physiol, 87, 809 (1867). 

•Bsitr. chem. Physiol h. Pathol, 6, 648 (1906). 
•Pne, Am. Phih SOf., «S, 1 (1988). 
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seem possible to study the membrane by means of the ultra-microscope. 
Some side-light on its chemical nature might be gotten from taking a 
large mass of well washed cells and dissolving off a very small amount 
of this membrane material and analyzing it. B. Hansteen Cranner* 
has attempted to do this with plant cells. As is well known, the 
membrane on the surface of plant cells is in two layers, one the so- 
called cell wall and another layer, the plasma membrane, just beneath 
the cell wall, which can be pushed away by the osmotic pressure of 
substances that can penetrate the cell wall but not the plasma mem¬ 
brane. Cranner was able to dissolve out phytosterols and pectins by 
means of distilled water. Apparently he supposes that these substances 
form not only the plasma membrane but also extend through holes 
in the cellulose cell wall. He supposes the plasma membrane to be a 
mosaic of ph3rtosterol and pectin. Pectin probably enters quite gen¬ 
erally in the surface composition of cells and the insolubility of its 
calcium salt probably helps to keep it in place. Herbst ® showed that 
removing calcium from the medium caused cells to fall apart and it 
would seem possible that something like calcium pectate or a similar 
compound is necessary for sticking them together and hence enters 
into the surface composition. The importance of pectins in plants 
is shown by the presence of three so-called pectic enzymes in plants 
(2 concern^ with sol<—>gel change and 1 with hydrolysis). F. H. 
Scott® showed that protein could be washed away from red blood 
corpuscles by means of isotonic Ringer’s solution. It is .not clear 
whether this protein enters into the composition of the semi-permeable 
layer at the surface or not.^ Lepeschkin^ and Ruhland® and many 
others have studied the colloidal properties of the so-called plasma 
membrane or semi-permeable surface layer of the living cell. It is 
well known that Overton investigated the permeability of this layer. 
He studied roughly the rate of penetration of over five hundred car¬ 
bon compounds and many other substances. From a modern viewpoint 
his results may be summed up as indicating that the cell is impermeable 
to polar compounds. In regard to non-polar compounds, if one weakly 
polar group such as the hydroxyl is present, the compound may enter 
the cell without difficulty. In general, the rate of entrance seems 
to be proportional to the ratio of the number of non-polar groups 
to the polar groups. Overton’s work has been corrected as to detail 
and extended by numerous investigators. It was attempted to measure 
the penetration of substances by putting cells in solutions of these 
substances and taking the cells out and analyzing them.® This method 


*Mddinger Norges Laadbrukseikole (KriatianU) (ii), 11 (1922). 

•Heibst, AreK Eniwicklun^ech., 17, 440 (1904), 

•7. Physufl, 50, 128 (1916). 

^KolUnd-Z,, 13, 182 (1918). ' ,„ ' 

*Ber. deiftscK hot* Gos,, 81, 804 (1918), 

*HcClezidon, Apt* 7. Physiol, 27, 288 (1910); also many authors using dyes. 
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was made somewhat uncertain by the possibility of adsorption. Another 
method was used by Wodehouse who found a single cell of the sea¬ 
weed Valonia, with a large vacuole, containing up to 5 cc. of cell sap. 
Analysis of the contents of this vacuole showed it to differ considerably 
from the sea water in composition. In a similar fresh water plant, 
Nitella, Hoagland, and Davis showed that this cell could concen¬ 
trate the ions of pond water from 10 to 870 times, and since the 
ratio of the concentration of cations on the outside of those on the 
inside varied for each cation, it is difficult to explain such a relation 
on the basis of a Donnan effect. Many observations have been made 
on the exosmosis of electrol)rtes from cells. It was shown by the 
writer that the eggs of certain fresh water and brackish water fish 
when developing in distilled water do not lose any pf their salts to 
the water, but they lose salts to unbalanced salt solutions or solutions 
of toxic substances. Gray showed that the egg of the trout does 
not lose electrolytes to the water in which it is developing unless it is 
injured or dies in which case the outward diffusion of electrolytes 
causes the globulins of the eggs to precipitate. When this eggs is 
placed in solution of electrolytes, this globulin dissolves. 

Perhaps the red blood corpuscle is the animal cell that has been 
mostly studied. The older analyses of Abderhalden and of Schmidt 
and numerous recent analyses have shown that there is about seven 
times as much sodium in the plasma as in the corpusde. There is 
about twenty times as much potassium in the corpuscle as in the 
plasma and there is about twice as much chlorine in the plasma as 
in the corpuscle, but this value is quite variable owing to the rapidity 
of the chloride shift. In 1867 Zuntz showed that the titratable alkali 
of the serum increased when COa was passed into defibrinated blood. 
In 1874 it was further shown that when CO 2 passes into defibrinated 
blood the chloride ion of the serum passes into the corpuscles. The 
osmotic pressure of the corpuscles is increased and it swells. In 1897 
Koppe proposed an ionic exchange theory which was later modelled 
by Spiro and Henderson. The question was taken up recently by 
Warburg, Henderson, Van Slyke and their collaborators. The chloride 
shift is definitely established. (The author has evidence for the chloride 
shift in other cells.) In other words, the corpuscle is permeable to 
Cl ions but not to K or Na ions. But this does not give us any idea 
of the rate of the passage of ions through the plasma membrane. 

For further consideration of permeability the reader is referred 
to Jacobs and Lillie.^® 

V J. Biol Chtm.. 29, 45S CISIT). 

Gen. Physiol, B, 629 (1928). 

»McClendon, Am. J. Physici, 29. 296 (1912); 38, 178 (191B), 

Physiol, 53, 808, 822 (1920). 

^ Cytology,** U. of (Siicago Ptcw, 1924. 

TBU S., "Protoplasmic Action and Nervons Action,** U. of Chicago Press, 1928 
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It appeared to the writer that the electric conductivity method 
should be adaptive to the determination of the rate of the passage 
of ions. G. N. Stewart showed that the corpuscles acted as insula¬ 
tors. Similar observ'-ations were made , by the writer on sea urchin 
eggs, and it was further observed that the electric conductirity of the 
eggs was increased when fertilized or stimulated to develop by treat¬ 
ment with acetic acid. In this case the acetic acid or excess sper¬ 
matozoa were washed off with sea water and the egg mass precipitated 
down to the original volume and brought back to original temperature 
on making further determinations of co-nductivity. Similar results 
were obtained on striated muscle.^® By means of an anal 3 ^cal method 
it was shown theoretically that the change in the shape of the muscle 
fibers would not make a difference in the electric conductivity if the 
proper precautions were, used. 

The physiologist is in the position of an arbitrator between the ob¬ 
servations made from a chemical and physical standpoint bn the mate¬ 
rial he uses and observations on the function of these materials which 
in the minds of different people might lead to discordant ideas. We 
have on the one hand the colloidal cell surface or plasma membrane; 
on the other hand we have the cell as a spatial individual and sometimes 
as an irritable element. The continued separate existence and the re¬ 
sponse to stimulation are associated according to the above observations 
with the colloidal properties and some colloidal change in the plasma 
membrane. The theoretical significance of such a relation was elabo¬ 
rated by R. S. Lillie,^® On the basis of these electric conductivity ex¬ 
periments the writer gave two lectures at Woods Hole on this sub¬ 
ject,®® Osterhout has extended this conductivity method and compiled 
the results in book form.^ The writer was not satisfied with the tech¬ 
nique of these early experiments and has repeatedly returned to this 
work in an attempt to improve them, Hober®® made some early ex¬ 
periments on the conductivity of blood and muscle using radio-frequency 
damped waves* 

In the use of the alternating current one is not measuring resistance 
alone but what is called by electrical engineers, the impedance of the 
<nrcuit. The writer showed ®® that^ in a Wheatstone bridge arrange¬ 
ment, if a condenser is placed parallel with the standard resistance as 
is often used in producing a sharp-null point in the method, and if the 
capacity of this, condenser is called the ‘‘parallel capacity"' of the con- 


Physiol., 11, S32 (1S97;. , ' 

« McClendon, ScUncs, 32, 122 (1210); Am, J. PhysioL, 27, 250 (19i0), ^ 
^McClendon, Am. J\ Physiol., 29, 302 (1912); Biol. Bull, 22, l^S ,(1912). 

«a»Vl. Bull, 17, 188 (1909), 

»McClendon, Biol. Bull, 22, 18», 166 (19X2). ' ^ 

Osterhout, ^'Injury, Rccoy^, and l)«a^ In Relation of CohduetMty and Perme¬ 
ability,” Lippincott (1922). ■ ' ' 

” Arch. OSS. Physiol, 133, 287 (1910); "Pliyfiikalisclrt Chemie der^Zdle uud Ge^rdbc/' 
6th Ed., Leipzig (1922). > . ^ V 

»McClendon, Sci. Proc. adv., V. Pwf. Cksmi, il, 66 ;C1980). 
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ductivity cell and material it contained, the parallel capacity of the 
conductivity cell filled with blood was greater than that when filled 
with distilled water and values of the parallel capacity were given in 
microfarads. Such measurements have been greatly extended by Hugo 
Fricke It was shown by the writer that the use of such a parallel 
capacity when the various properties of the circuit including the con¬ 
ductivity vessel were unknown might lead to errors. It was therefor 
advocated to obtain a sharp null point by placing a variable inductance 
in series with the conductivity vessel. 

During the last six years, the Wheatstone bridge and other appara¬ 
tus used in these measurements have been completely rebuilt five times. 
All the improvements were not possible to apply at the beginning owing 
to the fact that some of them had to wait on improvements in radio 
engineering and a supply of parts on the market.' We did not make 
our own electron tubes and found difficulty in obtaining proper ones 
at first. The apparatus as now used consists of an oscillator the fre¬ 
quency of which can be varied from 260 to 10,000,000 cycles per second 
and Wheatstone bridge for high and low frequencies. In the simplified 
Wheatstone bridge.the detector circuit is connected by means of a 
toroidal transformer, a grid coupled circuit, an electron tube detector 
circuit and heterodyne oscillator, and the beat note is amplified by a 
two-stage amplifier and heard in a telephone. The greatest recent 
improvements in the apparatus have been in the complete shielding, 
universal use of toroidal inductances and the compact form of the 
constant temperature regulation. Every section of the apparatus is 
placed in a copper box. All these copper boxes are grounded. The 
distributed capacity losses are minimized by having the boxes large 
and the apparatus separated by considerable distance from the walls 
of the box. The apparatus used to maintain constant temperature is 
in the same copper box (covered with 2 inch felt) with the conductivity 
cell but at the moment of making a determination all parts of this 
apparatus are grounded by turning a multiple pole double throw switch. 
Besides the measurements with this apparatus, numerous measurements 
have been made by means of direct current.*® The determination of 
ratio of the volume of the corpuscles to that of the serum was deter¬ 
mined by means of a hematocrit directly connected to a Dumore motor 
rotating at 20,000 revolutions a minute inside a vacuum chamber. Some 
determinations were made on corpuscles without any serum whatever 
between them. An analysis of the results showed that such a mass of 
coiTpuscles behaved as a series parallel circuit with an average total 
impedance of 880 ohms and a reactance such that an inductance of an 
average of 0.89 millihenry had to be placed in series with it in order 

•^Physiol Rev^j Sfi, 682 (1826). 

“McClenaon, /. Biol, Chtm., 42, 817 (1920). 

s* HcClendoo, /. BM. Chom., 66, 653 (1926). 
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to produce resonance. A model of a similar circuit may be made as 
follows: the two plates of a condenser of 1500 micro-microfarads are 
short circuited by means of a parallel resistance of 675 ohms and in 
series with the condenser is placed a resistance of 200 ohms. The total 
impedance of this circuit at 1000 cycles per second is 874.3 ohms and 
the inductance which must be placed in series with it is 0.68 milli¬ 
henry. The condenser represents the capacity of the plasma mem¬ 
brane, Figure 1. The resistance of 675 ohms represents the resistance 
of the plasma membrane; that is to say, the plasma membrane behaves 
as a leaky condenser. The resistance of 200 ohms represents the re¬ 
sistance of the interior of the blood corpuscle. In other words, the 
resistance of the plasma membrane is three times as great as the re¬ 
sistance of half the cell interior. (Half is used because there are two 
plasma membranes, one at entrance and one at exit of the current, 
and we may consider half the cell ais one plasma membrane and half 
the cell interior.) Since the thickness of the plasma membrane is very 
small compared with the thickness of the cell, the relative speed of an 
ion through it is very srnall. 


TABLE I 

Wheatstone Bridge Measurements on Beef Blood Cells at 1000 
Cycles per Second 

Zc Z (cells) 


Z (cells) 

Z (serum) 

Zs 

Z (laked) 

Z (laked) 

L (cells) 

7082 

70.3 

10.1 


_ 

0.54 

7U2 

62.4 

11.5 

174.4 D. C. 

4.10 

0.57 

854,6 

71.8 

11.9 

196.0 Sap. 

4.36 

1.07 

892.8 

692 

12.9 

212.8 " 

4.20 

0.76 

914.4 

81.5 

11.2 

219.1 

4.17 

079 

1,002.9 

66.4 

15.1 

202.3 

4.96 

1.19 

1,049.1 

63.7 

16.5 

— 

— 

1.31 

Average 

880.3 

69.3 

12.7 

200.9 

4.36 

0.89 


In the above table the first column gives the specific impedance Z of 
the closely packed cells, the second column the specific impedance of the 
serum, the third column the impedance of the cells taking the impedance 
of the serum as unity. In the fourth column is given the specific 
impedance of the same mass of cells that have been laked or hemolyzed 
(that have had the plasma membrane destroyed) ; in the fifth column 
the impedance of the normal cells on the basis of the impedance of the 
hemolyzed’ cells taken as. unity, and in the sixth column, inductance 
that must be placed in series with the conductivity vessel for resonance. 
Some of the cells (D. C.) were laked by passing direct current of 110 
volts through them for twenty minutes, reversing the direction of the 
current every minute. After the experiment ms over, the laked mas^ 
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was mixed with serum and observed under the microscope. Laking 
was not complete, as cell fragments could be observed. In the other 
cases (Sap.) the cells were laked with saponin. Microscopic examina¬ 
tion later showed hemolysis to be complete. The resistance, however, 
was as low after laking with direct current as after laking with saponin. 
The impedance of the intact cells was found to be four to five times 



Fig, 1. 


as great as that of the hemolyzed cells. If we may assume that the 
impedance of the hemolyzed cell is the same as the resistance of the 
cell interior of the intact cell, then zt least three-fourths of the im- 


pedance is due to the plasma membrane. 




/ C- 

TABLE II 

Rx 

Rt 

z 

L 

SOO 1,500 MMf. 

67S 

200 

874.S 

0.68 

1,000 

a 

« 

874.3 

0.68 

1,000,000 

€* 

u 

216.3 

0.0165 


The above table shows values obtained on a model of the cell as shown 
in Figure I. The impedance due to the plasma membrane is almost as 
great as the resistance ^of the plasma membrane; thus the total im¬ 
pedance is 874,3 ohms at iOOO cycles per second. This model is made 
up of the resistance of the cell interior which is 200 ohms and the 
impedance of the plasma membrane which would be 874 minus 200 
ohms or 674 whereas the resistance of the plasma membrane is 675 
ohms, a difference of less than one-sixth of one per cent between 
impedance and resistance of parallel circuit. We may conclude, there¬ 
fore, that the electric current carried by the Q ions passing through 
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the plasma membrane is less than one-third as great as the electric 
current carried by the ions in the cell interior in their diffusion inside 
the cell. If serum is added to blood corpuscles, say we have a mixture 
as in blood, another parallel circuit, the resistance represented by. the 
serum, is introduced into the system. The less the resistance of the 
serum, the less the impedance of the total circuit and the less the ratio 
of the impedance of blood to that of serum as represented in Table IL 

TABLE III 

Specific Yalues of Impedance of Beef Blood at 25® 


Cell Volume 

t—1 

II 

/= 1,000,000 

Z 1,000 

Per Cent 

Zb/Zs 

Zb/Zs 

Z 1,000,000’ 

96.8.... 

25.0 

6.3 

4.0 

96.6. 

, 19.0 

5.7 

3.5 

962,.: . 

. 17.6 

5.4 

3.3 

95.8. 

. 18.8. 

— 

— 

95.2. 

. 16.0 

6.4 

2.5 

942. 

. 19.0 • 

6.7 

2.8 

942. 

15.0 

5.5 

2.7 

942. 

. 13.9 

5.2 

2.7 

942. 

. 13.7 

5.4 

2.5 

93.9..:. 

. 16.7 

5.4 

3.0 

93.1. 

. 14.0 

— 

' ^ 

93.1. 

. 13.9 

5.5 

2.5 

92.4. 

15.5 

5.9 . 

2.6 

91.8.. 

16.0 

5.2 

3.0 

91.0. 

. 11.0 

5.3 

22 

90.8. 

. 12,7 

52 

2.4 

90.4. 

. 11.0 

5.0 

22 

87.6. 

. 10.1 

5.0 

2.0 

86.5. 

9.7 

5.0 

1,9 

77.1. 

5.8 

4.0 

1.5 

76.4. 

6.5 

42 

1.3 

72.1..,. 

4.7 

3.6 

1.3 

67.3. 

3.9 

3.0 

1.3 

65.4. 

4.0 

3.2 

125 

65.1. 

3,8 

3.1 

123 

64.9. 

4.0 

32 

125 

61.1.. 

3.3 

2.8 

1.18 

557. 

3.1 

3.0 

1.03 

42.3,...:. 

2.0 

2.0 

1.00 

422. 

2.1 

1.95 

1.08 

41.S. 

2.0 

1.90 ^ 

1.05 

39.6. 

2.1 

1.92 

1.10 

37.3. 

1.9 

1.87 

1.01 

24.6. 

.1.3 



22.0. 

. . 1.4 ’ 

1.40 

1.00 

19.7. 

1.45 

L45 

1.00 

19.0.. 

1.4 

1,40 

1,00 


In Table III it is shown that the ratio of the impedance of blood at a 
thousand cycles to that at a million cycles increases at first slowly as, 
the cell volume rises above 25 per cent, and increases very rapidly ^ 
the cell volume rises above 95 per cent. At 96.8 per, cent cell volume 
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the impedance is four times as great at a thousand cycles as it is at a 
million cycles. Unfortunately, we did not make any very accurate 
determinations at a million cycles of the impedance of a mass of pure 
corpuscles. Furthermore, as shown by comparison of Table III with 
Table I, the impedance of the pure mass of cells on the basis of serum 


as unity 



is lower than that of the blood with 96.8 per cent cell 


volume. This is probably due mainly to the injury of the cells in pack¬ 
ing them down in such close proximity. It is not due entirely to tem¬ 
perature difference as the temperature in Table I was close to 25° and 
that in Table III was kept constant at 25° + 0.1°. 

Assuming beef corpuscles are 0.0048 mm. in diameter and 0.002 
mm. in thickness, and with random arrangement, assuming an average 
diameter of 0.003 mm., there would be about 3,000 corpuscle layers in 
a centimeter cube from top to bottom, or about 6,000 plasma membrane 
layers. Since the value of the specific capacity shown in Figure 1 is 
1500 MMf. (micro-microfarads), the value for one layer would be 
6,000 times 1,500 which equals 9,000,000 MMf. In other words, the 
capacity of a plasma membrane 1 cm. square would be 9,000,000 MMf. 
Assuming a dielectric constant of 3 which is about the same as that 
of beeswax or cotton-seed oil, the thkkness of the plasma membrane 
would be approximately 3 times 10""*® cm. which would be about 2 to 3 
carbon atoms in thickness. Since the plasma membrane is probably im¬ 
pregnated with some water, its dielectric constant is probably greater 
than this, and if greater, it would be thicker. Fricke, on the assumption 
of a dielectric constant of 3, but obtaining a smaller value of the capacity, 
arrived at a value of 20 to 30 carbon atoms thick for the plasma mem¬ 
brane. We may conclude, therefore, that the plasma membrane is 
probably of molecular thickness. It is colloidal in the sense of being 
made of substances which are colloidal in solution and it is colloidal 
in the sense of having an extended surface for a small volume. It is 
probably not a smooth membrane but one made of molecules which 
are much branched. The membrane probably contains pores in between 
the branches of the molecules. The membrane substance probably has 
a specific resistance of 10® or about as great as serpentine. Owing to 
the fact that the membrane is of molecular thickness diffusion of Ch to 
equilibrium should take place rapidly and the difference in concentration 
between plasma and corpuscle is probably due to a Donnan effect. 

From the conductivity measurements on laked blood, we may con¬ 
clude that the corpuscle interior is about three times as resistant as 
the serum and therefore with equal mobilities of the ions the total ion 
concentration in the corpuscle might be considered only one-third the 
value of the serum. However, the corpuscle interior is very high 
in protein content, there being a higher hemoglobin concentration than 
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in a hemoglobin crystal, and this high protein content might cut down 
the speed of ions considerably. It therefore seems probable that the 
ionization in the corpuscles is greater than one-third the value in the 
serum. 

The impedance of the intact corpuscle to a current of a million 
cycles per second seems to be twice as great as the resistance of the 
laked corpuscle. Since the corpuscles were laked without the addition 
of any water, there was no dilution of the proteins to account for an 
increase in conductivity. It is possible that a million cycles per second 
is not high enough frequency to reduce the impedance of the plasma 
membrane to a negligible value. We are working with higher fre¬ 
quencies but are not ready to report on any of these experiments. 

In conclusion, these results support the contention of a colloidal 
semi-permeable membrane on the cell surface. This membrane is not 
semi-permeable to all substances. It has appreciable electric con¬ 
ductivity whkh may be accounted for by permeability to chlorine ions. 
These results are compatible with the views expressed by Warburg,®^ 
Van Slyke ** and Henderson,*" by whom it is assumed that the plasma 
membrane of the red blood cell is impermeable to potassium and sodium 
ions but permeable to Cl and HCO3 ions. The Cl ion concentration 
according to Henderson, is about .75 as great in the corpuscle as in the 
serum. The same would be true of the HCOs ion concentration if 
we neglect the effect of the difference in potential between the inside 
and outside of plasma membrane. I am not sure whether .we have any 
data whatever indicating the ionization of potassium inside the corpuscle. 

Laboratory of Physiological Chemistry, 

University of Minnesota, 

Minneapolis, Minn. 

«/. Biochtm., 18, 163 (1923). 

“Vaa Slyk« and McLean, F. C., J. Biol. Chtm., 68, 766 (1928). 

»Henderson, Bock, Field, and Stoddard, 7, Biol. Chem., 50, 879 (1924)» 



THE FUNCTION OF CARBON MEMBRANES IN OSMOSIS 
By F. E. Barteix and H. J. Osterhof 

A subject concerning which there has been considerable disagree¬ 
ment and diversity of opinion is presented in the problem of the func¬ 
tion of the membrane in the process of osmosis. One of the chief rea¬ 
sons for the disagreement is that the different theories proposed have 
been based upon quite different types of experimental results. 

Most of the outstanding theories have been based upon results ob¬ 
tained with truly semi-permeable membranes, i.e., membranes which 
will permit the passage of solvent but not of solute. It has been proven 
experimentally that when a truly semi-permeable membrane (such as 
copper ferrocyanide in its relation to aqueous sugar solution and pure 
water) is used the magnitude of the pressure which is built up between 
the two sides of the membrane is determined by the properties of the 
solution and the solvent, that insofar as the magnitude of pressure is 
concerned, the function of the membrane need not be considered. It 
is admissible* to state that such osmosis and resulting osmotie pressure 
is due to the difference in thermodynamic potential of pure solvent and 
solution. The pressure measured represents a tendency toward equali¬ 
zation of the thermodynamic potential. In order to define the thermo¬ 
dynamic environment of the solvent in the different parts of the liquid 
system, and in order to measure its escaping tendency, such factors as 
vapor pressures, surface tension, specific volume, heats of solution, 
etc., must be considered. Valuable as the thermodynamic theory of 
solutions has proven to be, it has, however, , given us practically no 
information as to the actud mechanism of osmosis. Further, with our 
present limited knowkdge of the properties of solutions, it can aid us 
practically not,, at all in predicting the osmotic force which may be 
expected in systems with membranes which are not truly semipermeable 
and with which we have capillary effects of unknown but considerable: 
magnitudes. It is well known that osmotic flow can be obtained 
through membranes which are far from being strictly semi-permeable, 
in such systems fairly great osmotic fordes are set up, and pressures 
of considerable magnitude are obtained, though ‘"maximum osmotic 
prKsure” values are never reached. In some cases we find that the 
opieiition. of the osmotic force (and at . least the initial, direction of 
flow of liqfiid) is, In fact, opposite to that virhich apparently .is detrianded 
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by the thermodynamic potential of the liquid system. In such cases 
the membrane must surely play an active part. It is, then, not surpris¬ 
ing that osmotic theories based upon experimental results obtained 
with such systems as these should be ditferent from those theories which 
have been obtained from systems having truly semi-permeable 
membranes. 

In the one case we are dealing with osmotic effects arising from a 
process in which equilibrium conditions can be obtained. A system of 
this type is obviously capable of thermodynamic treatment. In the 
other case, we are dealing with a process in which (owing to diffusion 
through the membrane) equilibrium conditions are not obtained. 
Capillary forces influence the magnitude of the measured pressures, 
and the customary thermod 3 niamic reasoning cannot be applied. 


Semi-permeability: 

Before we can determine definitely the function of an osmotic 
membrane we must first study the nature of semi-permeability. Many 
theories have been offered to account for the mechanism, of semi-per¬ 
meability, According to Traube’- a semi-permeable membrane func¬ 
tions as an ‘^atomic sieve,permitting solvent molecules to pass while 
restraining solute molecules. Various theories such as the kinetic 
theory find this view sufficient. Likewise, from the standpoint of 
thermodynamic treatment no further concept is necessary. Supporters 
of the so-called solution theory, L’Hermite,® Overton,^ and others have 
held that a strictly semi-permeable membrane is one permeable only 
to substances which will dissolve in it. A slight modification of this 
theory, namely, that the permeability of a membrane is due to its 
absorptive or adsorptive power for different substances has been sup¬ 
ported by Liebig,^ Nemst,® Kahlenberg,® Flusin and others. 

Armstrong®,has gone still further and has postulated chemical inter¬ 
action between the membrane and the substance diffusing through it. 
The various theories presented range, in fact, from th^ concept of 
diffusion through capillary pores which serve as molecular filters to 
the concept of intr^-molecular penetration or chemical reaction. Both 
1. Traube® and Bigelow^® have attempted to,reconcile these views, the 
latter suggesting that there' really is no sharp demarkation between 


^AreMo fir AtKA. PhyAol., und Wisttnch. Mtd., S7 (1S67), 
•Atm. ehim. phyi., ?. «, 420 (1856). 

•Z. phyAk. CHem.. 22, 189 (1897). 

* LieWt Am., lit. tB asm. 

‘Z. phys. Ckim. 6, 86 (1890). " 

•/. phys. Chem., 10, 141 (1906), 

'ArnicMm. pkyt. (8), W, 480 (1908). 

•Proc: Rdy. Si>c.,Stl. 94, (IWB). 

•Phil. (6), 8, 704 (1904). 

■»/. Ahut. Cfum.Soit., 28. 1676 (1907). , 
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capillary phenomena and the process of solution on the one hand, and 
the process of solution and of chemical reaction on the other; that 
“the phenomena of chemical affinity seem to merge, without any abrupt 
change, into capillary phenomena,” This view appears to be justified 
and its acceptance goes far toward harmonizing the results obtained 
by different experimenters. Bancroft attempted to harmonize these 
views by assuming that “we can have two types of semi-permeable 
membrane, one with a continuous film and the other with a porous one. 
In the case of a continuous film, it is essential that the solvent shall 
dissolve in the membrane and that the solute does not. With a porous 
film we, shall have a semi-permeable membrane only in case we have 
strong negative adsorption—adsorption of the solvent and not of the 
solute—and in case the diameter of the pores is so small that the ad¬ 
sorbed liquid fills the pores completely leaving no central channel 
through which the solution can diffuse.” This view, while not radically 
different from the one previously stated insofar as the property of 
semi-permeability is concerned, does make it possible for us to obtain 
a somewhat better concept of the mechanism of the osmotic process. 
According to this view, a given osmotic membrane might function as a 
semi-permeable membrane in one system and not so function in an¬ 
other system, the semi-permeability depending upon the degree of selec¬ 
tive adsorption by the membrane of the components of the liquid 
system. Tinker has made a study of “semi-permeable” copper ferro- 
cyanide membranes and has concluded that pores of measurable diam¬ 
eters do exist. 

Work of Other Investigators: 

Many investigators have worked with osmotic systems in which 
two liquids such as alcohol (ethyl or propyl) and water have been 
used. The results obtained have been so inconsistent that they have 
led to a diversity of conclusions. 

Pickering^® describing the experiments in which he used propyl 
alcohol and water with an unglazed porcelain vessel stated that when 
the alcohol and water were put in the semi-permeable vessel and placed 
in water the latter passed inward toward the solution, the vessel ap¬ 
pearing to be permeable to water but not to the alcohol When this 
same vessel with its contents was placed in propyl alcohol, the alcohol 
passed inward toward the solution, the vessel now appearing to be 
permeable to the alcohol. He concluded that “it is the solution and not 

“ Colloid Symposium Monograph, 3, 17 (1925). 

jProc. Roy, Soc., 92, 867 C1916 X).. 

24, 8089 (1891); Natun, 66, 224 (1897). 



THE FUNCTION OF CARBON MEMBRANES 237 


either of the substances separately, to which the membrane is imper¬ 
meable.” He believed this experiment tended to substantiate the 
hydrate theory of osmosis, ‘'the molecules of hydrates being necessarily 
larger than those of their constituents.” Findlay and Short tried 
later to duplicate Pickering’s results, but failed. They have pointed 
out that the conditions under which they worked might not have been 
the same as those under which Pickering worked. They stated, how¬ 
ever, that it is difficult to find a theoretical basis for the possibility of 
such results as he obtained. Barlow criticizing the work of Pickering 
states that “the observation of an increase in osmotic pressure after the 
cell had been placed in alcohol is correct, but that it is not due to an 
inflow of the dcohol” (but in reality is due to inflow of water already 
within the cell pores). “Had more time been given to the experiment, 
it would have been found that this increase is not as permanent as 
when the cell is immersed in water. The permanent result is an outflow 
from the cell into the alcohol.” 

Barlow performed an experiment in which pure water within a 
cell was separated from alcohol by a guttapercha membrane—^alcohol 
flowed inward to the water. In another experiment, alcohol in a cell 
was separated from water by a copper ferrocyanide membrane. In this 
case water flowed inward to the alcohol. He concludes from the results 
of his own experiments and from the results of others that “the cause 
of the current is the same in each case, namely, the mutual potential 
energy of the liquids; the direction of .current is conditioned by the 
membrane.” He also states; “In any adequate theory of osmotic pres¬ 
sure, the part played by the membrane must be taken into account. 
This necessary part is that the membrane must absorb that liquid which 
in going through forms the osmotic current. Nernst,^"^ Flusiii,^® 
Kahlenberg,^® and others have expressed similar views. Flusin^*^ 
carried out an experiment in which water and alcohol were separated 
by a bladder membrane. The flow was from water to alcohol. Kahlen- 
berg separated water and alcohol by rubber; the flow was from alcohol 
to water. 

The following table gives the type of osmosis obtained with different 
organic liquids against water. 

“ Trans. Chem. S'oc., 87 (1906), 

Mag. (6), 10. 1 (1905). 

u Barlow’s detailed explanation as to the cause of the initial now and subsequent reversal 
will not be taken up in thia paper, inasmuch aa Barlow assumed the existence of a copper 
ferrocyanide membrane within the walls of the porcelain. Findlay (he. ch.) has given us 
the information that Pickering informed him in a private communication that a porcelain 
cell with no precipitated membrane within it was used. 

” Loc. cit. 

^ Cempt, rend., 131, 1808 (1900). 
phys. Chem., 10, 141 (1906)., ., 

Loe. cit ., 

“Xoc, cif. . . 
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Direction of 


Liquid No. 1 

Membrane 

Liquid No. 2 

Flow 

Observer 

Water 

bladder 

alcohol 

-> 

Flusin 

Water 

rubber 

alcohol 

< - 

Kahleiiberg- 

Barlow 

Water 

copper- 

ferrocyanide 

alcohol 

- ^ 

Barlow 

Water 

nickd- 

ferrocyanide 

alcohol 

-> 

BattelH- 
Steffanini “ 

Water 

rubber 

pyridin 

<- 

Kahlenberg 

Water 

parchment 

pyridin 

- ^ 

Kahlenberg 


From the foregoing experiments a logical conclusion is that the 
nature of the membrane is largely responsible for the direction of 
osmotic flow, that the liquid which is most highly adsorbed by the mem¬ 
brane (i.e., the liquid which has the higher wetting power for the mem¬ 
brane or is imbibed to the greater extent)- is the liquid which will pass 
through the membrane giving the osmotic current. 

When two pure liquids are separated by a semi-permeable or very 
nearly semi-permeable membrane the nature of the membrane does 
undoubtedly determine the direction of flow. But when the membrane 
is not strictly semi-permeable, the properties of the liquid system may 
be the deciding factor. If this view is correct, the permeability or pore 
size of the membrane is an important factor in decidii^ the nature 
of osmotic eflFects. We believe, then, that in the study of an osmotic 
system the three factors (1) properties of the liquid system, (2) rela¬ 
tive adsorption of liquids by the membrane, and (3) pore size, must 
all be considered, the results obtained being dependent upon the inter¬ 
relationship of these three factors. Let us take the following examples: 

(a) In case the membrane be one with exceedingly fine pores and 
in case but one component is adsorbed, the pore spaces will be filled 
only with the liquid adsorbed and the flow of this liquid will occur so 
as to satisfy the thermodynamic potential of the liquid system and 
^'maximum osmotic pressure” values will be obtained. 

(b) In case the pore diameter of the membrane is somewhat greater 
than in (a) and not truly semi-permeable, relative adsorption effects 
will play an important part and even though the system may consist of 
two miscible liquids the liquid within the pore space may be almost 
entirely that liquid, which is most highly adsorbed. Under these condi¬ 
tions, flow through the membrane will tend to be from that liquid which 
is most highly adsorbed. On the other hand, forces resulting from the 
thermodynamic potential of the liquid system might, however, be the 
factors deciding direction of flow. Under these conditions the direction 

de Pkys,, 6, 402 (1007). 
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of liquid flow might not be from that liquid which is most highly 
adsorbed. In this case (b), then, we may state that osmosis might result, 
an osmotic flow might be noted, pressures might be developed and 
measured, but “maximum osmotic pressure” values would not be ob¬ 
tained. Moreover, neither the magnitude of the pressures developed nor 
even the initial direction of flow of the liquid can be definitely predicted. 

(c) In case the pore diameter of the membrane be so great that 
both components of a binary system can diffuse through with but limited 
restraint^ the direction of flow of liquid will be largely dependent upon 
the properties of the liquid system and not dependent upon the nature 
of the membrane. 

It is obvious that when pore diameters are too great no osmotic 
effects will be obtained. It has been shown that the appearance of 
osmose is, to a certain extent at least, dependent upon the pK)re size 
of the membrane.^® 

It has been found that osmotic effects can be obtained with un¬ 
glazed porcelain membranes when the pores are so clogged with dif¬ 
ferent materials that the largest pores have diameters not greater than 
about 0,5 micron. Distinct osmotic effects have been obtained with 
membranes of collodion in which the largest'pores had diameters as 
great as 1.6 microns. Osmotic flow has been observed with membranes 
of such inert materials as unglazed pprcelain®^ and compressed gold, 
platinum, carbon, and silica.®® Such membranes surely had capillary 
spaces through them and it was found that when such pore spaces have 
a diameter of not more than about 0.5 micron osmotic effects may be 
obtained. With such membranes both components of a binary system 
(i.e., both solute and solvent) can pass through the pores. With such 
membrane systems the rate and even the initial direction of osmotic 
flow is dependent largely upon the properties of the membrane. 

From the foregoing discussion, it appears one should be able by 
altering the pore diameter of the membrane to alter greatly the nature 
of the osmotic effects. By employing membranes of a given material, 
and using certain liquids, one should be able to obtain osmotic forces 
operating in one direction with membranes with large pores and then 
osmotic forces operating in the other direction with membranes with fine 
pores. It should be possible to prepare a membrane of a finely divided 
substance such that when loosely packed it would give, an osmotic 
tendency in one direction, while when tightly packed it would give an 
osmotic tendency in the other direction. Such effects have actually 
been obtained in our work. 

“Bigelow and Bartell, /. Amer. Chem. Soc;, 3X, 1194 ( 1900 )? Bartell, /. Phys, Chern,, 
16 , 669 ( 1911 ). 

“Graham, Phil, Trans., 144, 177 (IS 54); Bigelow and Bartell, /or. di, * 

“Bigelow and Robinson, J. Phys. Chdn,, 22, 99, 168 (1918). 
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The Present Investigation: 

In the present investigation membranes were prepared by compress¬ 
ing finely divided silica or carbon, substances which are relatively inert 
chemically. Silica prepared by different methods was ground to 350 
mesh or finer. Different kinds of carbon, as sugar charcoal, commercial 
activated chars, and lamp black were used and were found to give 
comparable results. In the experiments described below a good grade 
of lamp black thoroughly extracted with ether was used. Membranes 
were prepared by compressing the silica or carbon in cells between 



Fig. 1, 


perforated metal discs by means of an hydraulic press. Pressures in 
different experiments ranged from approximately 2500 to 20,000 pounds 
per square inch. With the lower pressures the largest pores probably 
had diameters not greater than about 0.5 micron. 

The cells were of special design as illustrated in Figure 1. The 
volume of each cell chamber was approximately 25 cc. Temperature = 
approximately 25° C. 

The results given in the following table are qualitative rather than 
quantitative but tend to show the direction of osmotic flow. Something 
of the magnitude of the osmotic force will be indicated by the data 
which show the difference in level of the liquid columns of the two 
cells. Inasmuch as qualitative data only was desired at this time no 
attempt was made to obtain a quantitative relationship of pressures 
developed by the different systems. 







THE FUNCTION OF CARBON MEMBRANES 241 


Results with Silica Membrane Differ¬ 

ence in 







Liquid 

Compart¬ 

Liquid in 

Compartment 

Direction 

Time 

Levels 

ment No. I 

Membrane 

No. II 

of Flow 

Hours 

in Cm. 

Compressed at approx. 10,000 lbs./sq. in. 




Water 

Water 

Ethyl alcohol 

-> 

3 

20 

Water 

Water 

Propyl alcohol 

-> 

3 

16 

Water 

Water 

“ “ 55% 

-^ 

3 

12 

Water 

Water 

“ 35% 


3 

8 

Water 

Water 

“ “ 17% 

-— > 

3 

5 

Water 

Water 

Acetone 


3 

28 

Water 

Water 

Amyl alcohol 

- > 

3 

10 

Water 

Amyl alcohol 

Amyl alcohol 

- > 

3 

25 

Water 

Water 

Pyridin 

- > 

3 

10 

Water 

Water 

Sugar solution 4% 

-^ 

3 

12 


Results with Carbon Membranes 


Compartment 

Liquid in 

Compartment Direction 

No. I 

Membrane 

No. II of Flow 

Pressure of compression = approx. 10,000 lbs./sq. in. 


1. W 

A 

A - 

—^ 

2. W 

W 

A - 


3. W 

W 

50% A.W - 


4. W 

S0%A.W 

50% A.W - 

_ ^ 

5. S0A.W 

A 

A - 


6. S0A.W 

50 A. W 

A - 

—^ 

Pressure of compression = approx. 10,000 lbs./sq. in 


Acetone- 

- Water 



1. W 

i Ac 

Ac - 

—> 

2. W 

; w 

Ac - 


3. W 

w 

50 Ac.W - 

—> 

4. 50AC.W 

[ Ac 

Ac - 


S. 50AC.W 

f 50AC.W 

Ac - 

—> 

Pressure of compression = approx, 20,000 lbs./sq. in. 


Pyridin - 

- Water 



1. W 

P 

P - 

—> 

2. W 

W 

P <— 

— 

3. W 

W 

50 P.W ” 

—> 

4. W 

50 P.W. 

50 P.W. - 


5. SOP.W. 

P 

P - 

_ ^ 

6. 50P.W. 

50 P.W. 

P - 

. 

Water-sugar soln 



W 

W 

Sugar soln - 



Differ¬ 
ence in 
Liquid 
Time Levels 

Hours in Cm. 


3 36.6 

3 29.9 

3 14.7 

3 10.0 

3 6.5 

3 5.8 


3 43.0 

3 2a5 

3 22.0 

3 11.2 

3 14.0 


3 11.5 

2 —10 

3 —11 

6 — 4 

17 + 22.7 

3 9.1 

3 4.0 

3 21.8 

3 1.6 

3 >3 


•The symbol W indicates water; A, alcohol; Ac, acetone: P, pyridin; 50 A.W =: 50 
per cent mixture of alcohol and water, etc. W membrane indicates that initially the mem* 
brane pores were tilled with water, in fact all the finely divided material used was wetted 
by liquid before compression. The arrow indicates direction of osmotic flow. 

We are indebted to i&Cr. C. N. Smith and NCr. Ying Fu of this laboratory for assistance 
in obtaining the experimental data with osmotic cells with carbon and silica membranes. 
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The results show that with the Silica membrane systems the direc¬ 
tion of flow was in all cases from water to the organic liquid. This 
is what we would expect in case relative adsorption is the deciding 
factor in determining the direction of flow. 

With the carbon membrane systems the direction of flow was 
eventually at least, from water to the organic liquid. This is not what 
we would expect in case flow is from the liquid which is most highly 
adsorbed by the membrane. 

With water and alcohol the flow was in all cases toward the alcohol. 
Likewise with water and acetone the flow was toward the acetone. In 
the case of pyridin with carbon membranes the initial effects were 
somewhat different; with the system Water-Water-Pyridin the flow 
was first from pyridin to water then later from water to pyridin (re¬ 
sults were similar but different in magnitude with compression pressures 
of 1(3000# and 200(30#). We might reason from this experiment 
that the initial effect was due to displacement of water by pyridin owing 
to the greater adsorption of pyridin by carbon. Then when the mem¬ 
brane pores became filled with pyridin the flow was toward that liquid 
in which there is the greater affinity or liberation of free energy, i.e., 
the thermodynamic potential effects predominate. The mechanism of 
osmose at this point is admittedly difficult to understand. 

It appears that the thermodynamic properties of these systems are 
such that in so far as the liquids are concerned the tendency for flow is 
from water to the organic liquid. It appears, however, that in some 
cases at least the properties associated with the membrane (i.e., the 
capillary effect) are such as to alter or even reverse this normal direc¬ 
tion of flow. Other experiments described below will show the correct¬ 
ness of this view. It was found that with membranes compressed at 
approximately 5(300#, the flow pyridin to water was slight, less than 
1 cm. liquid pressure, and reversal occurred within 2 hours, after which 
pressures of as much as 29 cm, liquid were obtained after 24 hrs. With 
membranes compressed more highly the initial flow of pyridin to water 
was greater and reversal occurred after a longer period of time. 

It was to be expected that the organic liquids would be more highly 
absorbed by carbon than is water. PreHminary tests made with an 
interferometer confirmed this view. From the theory that the direction 
of jflow should be from that liquid, which is the more highly absorbed 
we would expect the flow to be from alcohol to water—-the flow actually 
was in the other, direction. 

A series of tests were undertaken to show whether it can be'proven 
experimentally that organic Fquid will actually displace water from 
carbon. By making use of ah apparatus we were.using in a study of 
relative wetability and relative displacmg effects of one liquid by an¬ 
other,, yve were able to throwiJight oh tMs problem*' .■ 
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Displacement of One Liquid by Another from a Finely 
Divided Solid. 

Cells of the type illustrated were used. Figs. 2-3. These cells, were 
so constructed that one half of the chamber could be filled with finely 
divided solid (carbon) wetted with one liquid and the other half filled 
with finely divided solid (carbon) wetted with another liquid, the two 




Fio. 2. 


compressed masses being in contact with each other and with the corre¬ 
sponding liqtiids in the two cell compartments. It is welt known that 
in similar systems in which two immiscible liquids are used the liquid 
with the higher wetting power for the solid will displace the other 
liquid. Water,, for example, will displace oil from the capillary pores 
of fine sand. So far as we are jaware there is no data in the literature 
which shows that in the case of two completely miscible liquids one of 
the liquids will displace the other, liquid from finely divided solid and 
in so doing expel it from the system, i.C;, drive it out, producing thereby 
a flow of the less, readily adsorbed liquid -from the system through 
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which action displacement forces of considerable magnitude may be 
set up.* 

By opposing the movement of liquid and by noting the pressures 
required to balance the displacement forces we obtained what we believe 
to be a partial measure at least of the relative wetting power of the 
different liquids for a given solid. The result of this work will be given 
more fully in another paper. 



, Fig. 3. 

We have found that when the packing of carbon (or other finely 
divided substances) is sufficient, i.e., when the capillary spaces have 
become sufficiently srnall, two miscible liquids may be opposed as above 
described and that liquid with the greater wetting power will displace 
the other liquid with sufficient force to build up considerable pressure. 

The following tables will give some of the results obtained. 


Compartment 

Solid 

Compartment 

Direction 


No.l 

Compressed 

No. 2 

of Flow 

Pressure 

Pressure of compression 2500 Ibs./sq. in, (approx.). 


Water 

Carbon 

Toluene 

- 4 -^- 

2670 mm. Hg. 

Water 

(( 

C C 1* 


2340 

Water 

*< 

Pyridin 

<'■-. 

750 « H,0 

Water 

(1 

Acetone 

4--^- 

295 

Wat6r 

ft 

. Propyl alcohol 
Ethyl alcohol 

4-' 

192 

Water 

it 

4 - 

180 

Water 

Silica 

Toluene 

-^ 

1360 

Water 

tt 

C c u 

-> 

2210 

Water 

ft 

Pyridin 

-^ 

15 

Water 

tt 

Propyl alcohol 

-> 

16 

Toluene 

Carbon 

C C li 

4.. 

193 

Pyridin 

(i 

ft 


Propyl alcohol 

** 

tt 

<>.. 

386 

a if 

(( 

Toluene 

4 - 

139 

, tt u 

tt 

Pyridin 

4 - 

566 


Active flow of liquid was opposed by building up sufficient pressure 


on the positive pressure side of the system. Thick membranes (about 

* Since the presentation o£ this paper have found one case mentioned in the literature 
Sl liquid by another miscible with it Briicke Ct*{fgg. Ann, 68, 77-94, 

1848) observed that m a very narrow glass capillary pure turpentine displaced olive oil. 
At.the of 24 hours he measured a displacezhent.of 0.8 mm. He was unsuccessful in his 
attempts to obtein djMlacemeht 4n the other two miscible liquid aystemSi although he con- 
■ mdered that theoretically such displacement might be possible. 
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2 inches thick) were used so that the pores were of sufficient length to 
prevent movement of the liquid-liquid interface to the membrane face 
during the setting up of the cell and before the external pressure could 
be applied and measured. From the above data it will be noted that 
when such thick carbon membranes are used and when the pore size is 
sufficiently reduced osmotic forces are set up and movement of liquid 
tends to be from that liquid which has the greater wetting power for 
the membrane. 

It was further found that by altering the degree of packing and 
pore size we could alter the magnitude of the effects. When the pores 
were too large there was no apparent flow of liquid through the 
membrane. 

It is felt that this experimental work is sufficient to substantiate the 
view that the three factors (1) thermodynamic potential of the liquid 
system, (2) relative adsorption of the components of a liquid system 
by the membrane, and (3) pore diameter of the membrane must all be 
taken into consideration in a study of osmotic effects produced in a 
system in which the membrane used is not strictly semi-permeable. A 
more quantitative study along this line is under way and quantitative 
data will soon be available. 

Conclusions: 

1. When we have a strictly semi-permeable membrane separating 
two pure liquids we are dealing with a system in which one component 
is adsorbed with the practical exclusion of the other. In such a system 
flow of liquid can be from that liquid only which is adsorbed by the 
membrane. This conclusion conforms with the generally accepted 
views. 

2. With systems having a membrane with greater permeability, i.e., 
with fine pores but not strictly semi-permeable, the initial osmotic force 
and resulting direction of flow of liquids will be determined largely by 
the relative adsorption of the liquids by the membrane material. In 
such cases the membrane does play an active part and the capillary 
effect is a deciding factor in determining the initial direction of flow. 

3. When a fairly permeable and sufficiently thin membrane is used 
the osmotic flow of solution in a binary liquid system will be dependent 
upon the properties of the liquid system. The properties of the mem¬ 
brane may not govern the direction of flow of liquid. 

Chemical Laboratory. 

University of Michigan, 

Ann Arbor, Michigan. 



ELECTROENDOSMOSE THROUGH WOOD MEMBRANES 
By Alfred J. Stamm ^ 

The phenoaienon of electroendosmose has in general been studied 
with one of two objects in view. The first has been to explain the 
mechanism of the phenomenon and to develop mathematical expressions 
showing its relationship to its determining factors. The second has 
been to determine such electrical properties of electrolytic solutions as 
transference numbers and degree of hydration of the ions. The present 
investigation was undertaken from a somewhat different viewpoint, 
namely that of determining the relationship of electroendosmotic phe¬ 
nomena to the known microscopic structure of the membrane material 
and the less understood extent of its colloidal dispersion. 

Microscopic Structure of Wood: 

Wood is a complex cellular material which shows definite structural 
differences in its three space directions, namely, transversely, radially, 
and tangentially. The chief cellular structure is laid down in the longi¬ 
tudinal plane of the tree. The cells vary in size, shape, and function, 
some serving primarily to conduct sap, others to store food, and still 
others to give strength to the tree. Some of the cells, differentiated as 
fibers, are long, narrow, tapering tubes closed at both ends. (See 
Figures 2 and 3.) Their length varies from about 0.03 to 1.0 cm. 
Scattered among the fibers of hardwoods are cells of a larger diameter 
which have open ends and are placed one above the other forming 
continuous tubes called pores or vessels. Some hardwoods have pores 
of fairly constant diameter rather uniformly dispersed throughout the 
wood. These are known as diffuse-porous woods. Other hardwoods 
have their larger pores in more or less concentric rows in the spring- 
wood with smaller pores in the denser summerwood of each annual 
layer of growth. These are known as ring-porous woods. In soft¬ 
woods there are no pores, but there may be special intercellular spaces 
known as resin passages which serve to store and conduct resins. 

The nature of the cells or fibers formed varies for the different 
parts of the growing season, The cells formed in the spring of the 
year , are in general larger than those produced later in the year, and 
have considerably thinner walls. (See Figure 1.) A line of demarka- 

^ Associate Chemist in Forest Products, U* S. Forest Products Laboratory, Madison, Wis. 
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Fig. 1.—Transverse. X 25. 


Fic. 2.—Tangential. X 25. 
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tion results between the last wood formed in the summer and the new 
growth which commences again in the spring. One cycle of the re¬ 
sulting banding, the spring- and summerwood of the same year, is known 
as an annual ring. The distinctness of the line of deinarkation between 
the summerwood and springwood of succeeding annual rings differs 
for the different kinds of wood and depends to a great extent upon 
the conditions of growth. In some cases, the rings are so narrow that 
they can hardly be observed with the naked eye. Then again the rings 
may be as much as l.S cm. across. The lines of demarkation between 
the summerwood and the springwood laid down the following year 
appear to be lines of weakness, at least in some species of wood. Ring 
shakes, that is small visible cracks, occasionally occur at these places. 
Mr. Bateman of the Forest Products Laboratory has obtained indica¬ 
tions to the effect that similar invisible cracks may play a part in the 
drying of wood and the impregnation of preservatives in the tangential 
direction. 

In practically all woods, there are groups of cells running in a 
radial direction in the tree trunk perpendicular to the fibers and across 
the annual rings. These are known as medullary rays. Their function 
is to store food and conduct sap from the bark to the sapwood, or 
living outer layer of wood in the growing tree. These rays are made 
up of a number of individual cells, the number varying considerably 
for diflferent kinds of wood and even in the same piece of wood. (See 
Figure 2.) Radial resin passages occasionally occur in the rays. 

It was mentioned that the fibers are closed at both ends. They 
communicate with each other, however, through thin portions of the cell 
wall known as pits. A face view of die pits can be .seen on the longi¬ 
tudinal sections, chiefly the radial (Figure 3), and the manner of 
communication between the cells on a transverse section (Figure 4). 
The pits occur at adjacent partially unthickened points of the adjoining 
cell walls. They are spanned by a thin membrane, a continuation of 
the middle lamella between the cells, which particularly in the case of 
softwoods shows a slight central thickening called the torus. These 
membranes are often fairly permeable, and in some cases have been 
found to contain actual perforations, thus affording communication 
between cells.® Under special conditions of pressure the torus‘may 
close the pit orifice and present its greater thickness as an obstruction 
to the passage of liquids. There may also be obstructional growth 
within the pore or vessel cavities in the form of tyloses. Further, resin 
deposits may obstruct the resin ducts and ray cell passages. 

The distribution of the chemical constituents throughout the wood 
substance, as far as is known, seems to be fairly uniform with the ex- 


^ Quarterly, XI, No. 1, 12 (1913); Am. Railway Engineering Association, 

Btdl. (1915). 
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ception of the middle lamella which has been shown by Ritter ® of the 
Forest Products Laboratory to be practically pure lignin. Further 
microchemical studies may, however, reveal other chemical differences. 

Sections Studied. 

Transverse, radial and tangential sections of five softwoods and 
one hardwood were studied, namely Sitka spruce, Alaska cedar, west¬ 
ern red cedar, western hemlock, Douglas fir and yellow poplar. The 
latter hardwood belongs to the diffuse-porous group. All sections 
were taken from the heartwood of air dried stock. The sections varied 
-n thickness from 0.4 to 2.0 mm. In the case of the transverse sections 
most of the cells were cut across twice so that a large portion of the 
cell cavities were completely open, thus giving an effective capillary 
cross section that approached the cross section of the cell cavities. 
The capillary cross section of the tangential sections was made up 
largely of the ray cell capillaries together with any slight cross grain 
capillarity of the resin ducts, pores, and fibers caused by a slight un¬ 
avoidable deviation of part of the cell structure from parallelism with 
the membrane faces. This would be expected to be small in the case 
of the fibers as their length is considerably less than the distance across 
the membrane at a small angle with its surface. Undoubtedly the resin 
ducts and pores show a considerably greater effective capillarity. Be¬ 
sides these sources of capillarity there is the possibility of capillary 
communication from fiber cavity to fiber cavity through the pits which 
occur on the tangential faces of the fibers. Finally there is the possi¬ 
bility of a natural submicroscopic capillarity. The capillary cross sec¬ 
tion of the radial sections may be made up of all the alwve factors 
with the exception of the ray cell capillarity. There might also be an 
additional ring shake capillarity. 

All of these sections were soaked in distilled water or 95 per cent 
alcohol for two weeks. To facilitate the replacement of air by water 
or alcohol, the soaking of the sections was done in a vacuum desiccator 
to which intermittent suction was applied. The alcohol was thoroughly 
washed out with distilled water from the alcohol soaked sections before 
they were used in the electroendosmose experiments. 

Apparatus. 

The apparatus used in this investigation was the modified Brigg’s . 
apparatus ^ used by Strickler and Mathews in, their studies of, the 
electroendosmose of non-aqueous solutions (Figure 5). A potential of 
1080 volts (24 “B'Vbattefies 45 volt) was applied between the electrodes 

Xnd, Eng, Chem., 17, 1194 (1925). 

* Briggs, phys, Chem,, 22, 266 (1918). 

• StrwStter and Mathews, 7. Am, Chew, Sqc,, 44, 1647 (1922). 
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E. ■ The resulting drop in potential across the membrane M caused a 
motion of the liquid from anode to cathode thus causing the motion of 
the bubble B in the capillary tube. This motion was recorded in cubic 
centimeters per second. The membrane cross section was 7.76 cm® and 
the distance between the platinum coil electrodes was 6.5 cm. Three* 
capillary bubble tubes were used with cross sections of 0.0251 cm®, 
0.0550 cm® and 0.0909 cm®. Check values for the velocity were ob¬ 
tained with the different capillaries except in cases where the velocity 



was so great that an appreciable pressure was built up in the electrode 
tubes which could not be immediately dissipated in moving the bubble. 
This was apparent from an appreciable motion of the bubble after 
breaking the electrical circuit. For this reason, the larger capillary 
tube was used for membranes of high porosity which gave high values 
for the rate of flow of the liquid. The length of the bubble used (1,5- 
2.0 times the diameter) did not affect the rate. The apparatus was 
immersed in a thermostat held at 25® C. ± 0.05. Slight fluctuations in 
the temperature had but a very small effect on the rate. The rate of 
motion of the bubble built up slightly upon closing the electrical circuit 
so that the rates were detennined after the velocity of motion, of the 
bubble became constant. . 

The drop in potential across the membranes was measured with a 
potentiometer. Platinum black foil electrodes were held securely up 
against the faces of the membranes and these were connected in series 
'with 99,000 ohms resistance. The potenti^ drop across 2,000 ohms 
of the resistance was read on the potentiometer; The high resistance 
shunt caused but a slight reduction of the current passing through the 
membrane. . Reversible calomel electrodes and agar connections to the 
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membrane, as described by Fairbrother and Mastin ® were tried. The 
results checked within one per cent the values obtained by the above 
method. As the first method was simpler in manipulation, it was used 
almost exclusively. A milliammeter was placed in the applied voltage 
circuit. With no membrane in the cell a current of approximately 7.0 
milliamperes was obtained with the distilled water used (Pii 5.1-5.6). 
Deviations from this value for the different samples of distilled water 
u^ed were applied as a correction to the measured potential drop across 
the membranes so as to put all the values on a comparable basis. 


Experimental Results. 


In all cases studied, the direction of motion of the liquid through 
the membrane was from the anode to the cathode, indicating that wood 
has a negative charge with respect to water. Alkalies tend to increase 
the negative charge and acids decrease it. As far as the study has been 
conducted, no reversal of charge has been obtained This is in agree¬ 
ment with some qualitative experiments by Bethe and Toropoff ^ who 
tried wood membranes and Perrin’s ® and Harrison’s ® experiments 
using cotton cellulose. A further discussion of the effect of electro¬ 
lytes on the electroendosmose through wood membranes will be re¬ 
served for another paper. 

Some preliminary experiments were made to test the validity of 
the electroendosmose equations, 


P = (300) = 


4ai:T| V 
EDq 


= (300) =» 


4 Jt T| V L" 

Td 


where P is the contact potential between the adsorbed surface layer 
and the bulk of the liquid in volts, ^ the viscosity of the liquid, V the 
rate of endosmotic flow in cc. per second, Ir the specific conductivity 
of the Hejuid in the membrane, II the potential gradient through the 
membrane in volts per cm, 1 the current flow in amixires, D the dielec¬ 
tric constant of the liquid, and q the total capillary cross section of the 
membrane. The linear relationsliips between the rate of flow V and 
the potential II was found to hold over the whole range tesited (270- 
1080 volts applied voltage) giving a straight line through the origin. 
Further a linear relationship was found to hold between V and q. 

The membrane cross section ^ was varied by using brass disk masks 

coated with shellac, (x is the fraction part of the membrane cross 
section made up of capillaries.) (Table I.) 


•/, Chgm. Soc,, 125 2319 (1924) 
fz, physik. Chtm, 89, 597 (1916). 

chim.J^hyf., 2, 601 (1904). 

• Tram, Fa^adoy Soc., 16, 116 (1030), 
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TABLE I 

Change in Velocity of Flow with Changes in Membrane Cross Section 


Western Red Cedar, 

Transverse Section, 

Thickness 0208 cm. 

V 

X 


cc. per sec. 

cm. 

Q 

0.0647. 

. 7.76 

0.00833 

.0413. 

. 5.11 

0.00809 

.0171. 

. 2.09 

0.00818 


E was but slightly affected by masking the membrane as the change 
in the resistance of the membrane was small in comparison with the 
total resistance, thus changing I but slightly. Slight variations in x due 
to the ununiform structure of the membranes can well account for the 
deviations in the above , ratio. 




TABLE II 


u 




Thickness 

F 

Volts 


Membrane 

Sections 

cm. 

cc. per sec. 

per cm. Remarks 

Sitka Spruce 

Trans. 

0.157 

0.0693 

—u'l 

density 

ft 

.117 

.0712 

j 

0.304 


u 

.109 

.0552 

. 10721 

, density 


« 

.150 

.0563 

110,31 

0.408 


Tang. 

0.061 

0.00453 

272 1 



.056 

.00424 

’ 275 J 



tt 

.053 

.00365 




tt 

.043 

.00575 

-- 

slight check' 
visible 


Rad. 

0.117 

0.000325 

260 1 

1 


u 

.114 

.000348 

254 J 

f 

Alaska Cedar 

Trans. 

0.137 

0.0572 

108.7 



t( 

.117 

.0587 

——— 



It 

.186 

.0547 

107.1 



It 

.135 

.0572 




Tang. 

0.043 

0.00148 

241 1 

L 


4| 

.048 

.00137 

245 J 

f 


Rad. 

0.119 

0.00023 

222 


Western Re4 Cedar 

Trans. 

It 

It 

0.152 

208 

259 

0.0676 

.0676 

.0660 

106.0' 

106.8 

105.3, 

soaked in 
alcohol 


Tang. 

0.076 

0.00080 

224 ' 



« 

.048 

.00090 

227 , 

\ 


Rad. 

0.054 

0.00021 

215 ^ 

[ 


It 

0.089 

.00023 

218 , 

! 

Western Hemlock 

Trans. 

0.139 

0.0704 

115.7 

av. of 3 


Tang. 

0.071 

0.00152 

260 

av. of 2 

Douglas Fir 

Trans. 

0.112 

0.0546 

118.3 av.of2 ' 

Tang. 

0.087 

0.00051 

240 

av. of 2 

Yellow Poplar 

Trans. 

0.114 

0.0176 

, 112.2 av.6f3 

Tang. 

0.068 

0,00127 

268 

av.,of2 


Rad. 

0.061 

0.00048 

262 

av, of 2 

Brackets indicate adjacent sections. 



■' 
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The velocities of electroendosmose and the potential gradients across 
the membranes studied are given in Table II. Good checks were ob¬ 
tained for the rates of endosmose through adjacent sections cut from 
the same piece of wood. Sections that were first soaked in alcohol 
gave similar values to the water soaked sections. This indicates that 
the alcohol had no effect on the nature of the membrane, and that a 
removal of the alcohol soluble resins had an inappreciable effect on 
the contact potential. Sections taken from the same kind of wood hav¬ 
ing different densities gave different velocities as shown by the data 
for Sitka spruce. The thickness of the sections seems to have but 
a slight eflfect on the rate for the thin sections used. When the thick¬ 
ness is increased appreciably, however, the rate of endosmose decreases 
due to a decrease in the proportion of capillaries that extend over the 
entire thickness of the membrane. The exact nature of this change in 
rate with thickness, and the influence of the bordered pits has been 
reserved for further study. The rate of endosmose is 10 to 100 times 
as great through the transverse sections as through the tangential sec¬ 
tions, and 3 to 10 times as great through the tangential sections as 
through the radial. 

The fall in potential across similar sections of the same kind of 
wood was found to vary directly with the thickness, that is, the poten¬ 
tial gradient across the sections was constant. This gradient did not 
vary to any great extent from one species to another, but it did differ for 
the diflFerent tyjDes of sections. In general the ratio for the transverse 
to tangential to radial sections is as 1.0:2.3: 2.0. As the current is con¬ 
stant, this ratio also represents that of the resistances. Similar ratios of 
the electrical resistance of wood in the three different space directions 
were obtained by Hirunia in measurements on wood containing 
approximately IS per cent moisture. If the electrical conductivity of 
the sections studied in this investigation were the conductivity of the 
bulk water in the cell cavities and other large capillaries, the transverse 
section conductivity would be several thousand times that in the other 
two directions because of the exceedingly low conductivity of wood sub¬ 
stance. As it is only about twice that in the other two directions, in 
this case as well as in wood containing only IS per cent water which,is 
held in the fine colloidal structure, it seems quite conclusive thkt the 
conductivity is a surface phenomenon. Further evidence of this is 
obtained from the fact that the specific conductivity of water in the 
membrane is greater than that of water in bulk. The specific conduc¬ 
tivity of the water used was 5.43 X lO"®* mho and that of an average 
transverse section 8,27 X 10^ mho. On a water volume basis rather 
than a wood-water basis, the conductivity would be two to three times 
higher. The conductivity, of water in wood is thus at least two to 

^Extracts Bull, of Forest Exp, Statipn^ Meguro, Tokyo, 
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three times that of water in bulk. Such an increase in conductivity of 
water and of dilute solutions has been observed by Stock in powdered 
quartz, and by McBain in silica capillaries. It is believed to be due 
to the greater conductivity of the Helmholtz double layer. 

Because of this increased conductivity of the liquid in the mem- 
br^e, the contact potential can be calculated only when q is known, for 
q is not only involved directly in the first form of the equation but in¬ 
directly in the determination of L~ in the second form. Fairbrother 


and Mastin have determined — by conductivity measurements of 

I 


salt solutions of a sufficiently high concentration so.that the specific 
conductivities of the solutions in bulk and in the membrane were the 
same. This may be satisfactory in the case of carborundum powders 
where there are no structural differences in the three space directions, 
and all of the liquid is of such a state of dispersion as to give electro- 
endosmotic motion. This is not necessarily the case for wood mem¬ 
branes where part of the water may be held perhaps in a molecular 
dispersion. For this reason a different method of determining both q 
and p was tried. 

A number of small holes varying in diameter from 0.044 cm. to 
0.0913 cm. were drilled in the soaked tangential and radial sections, 
and the increase in the rate of electroendosmose was determined for 
the increase in q. The increase in rate of endosmose A V was found 
to be proportional to the increase in capillary cross section A q over 
the range studied regardless of the size of the holes. Further, measure¬ 
ments showed no detectable change in E after drilling the holes. 
It hence seems justifiable to set up the equation: 


P 


(300)® 


4 3t t| 
ED 


A V 
A q 


Table III gives the values of A (7 and A V for different sized holes, and 
the values of the calculated contact potential. The contact potential 
varies but slightly among the species studied. The accuracy of the 
value ‘of the contact potential is perhaps no better than 10 per cent 
even tliough many of the checks are much better than this. There is 
the possibility of distortion of the holes due to the release of existing 
stresses in the sections. This effect should not be great, however, in 
the saturated sections. A slight tearing effect on drilling, which is un¬ 
avoidable, would also tend to give divergent values of A q. The po¬ 
tential of wood against water is quite similar to the value obtained by 

Anseiger Akad. fViss. Krakah, A 635 (1913). 

^ Trans. Faraddy Sac., 16. 138 (1931). 

^Wi£d. Ann., T, 337 (1679) j Freundlich, "Kapillarchemie,” 331 (1930). 

w Lac. cit. 
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TABLE III 


Membrane 

Sections 

Diameter 
of Holes 
in cm. 

A, 

cm.® 

LV 

cc. per sec. 

E 

Volts 
per cm. 

P 

in volts 

Yellow Poplar 

Tang. 

0.0610 

0.0732 

0.00216 

273 

0.0135 


* .0610 

.0732 

.00211 

_ 

.0133 


« 

.0610 

.0732 

.00202 

263 

.0132 


ti 

* .0913 

.1630 

.00459 

— 

.0134 


Rad. 

.0610 

.1464 

.00424 

262 

.0138 



.0775 

.2350 

.00665 

259 

.0136 

Alaska Cedar 

Tang. 

.0444 

.1085 

.00272 

224 

.0140 


.0520 

.1482 

.00350 

_ 

.0132 


« 

.0648 

.1650 

.00392 

_ 

.0133 


tt 

.0780 

.2390 

.00562 

_ 

.0131 


Rad. 

.0610 

.1464 

.00358 

222 

.0138 

Western Red Cedar 

Tang. 

.0635 

.1580 

.00380 

224 

.0134“ 


Rad. 

.0635 

.1580 

.00387 

215 

.0142 

Sitka Spruce 

Tang. 

.0635 

.0790 

.00235 

273 

.0136 

Rad. 

.0635 

.1580 

.00478 

263 

.0144 

Western Hemlock 

Tang. 

.0610 

.1464 

.00418 

264 

.0134 

Douglas Fir 

Tang. 

.0610 

.1464 

.00366 

237 

.0132 

•Additional increase in holes in 

the membrane given above. 




Harrison for the potential of cotton cellulose against water by stream¬ 
ing potential measurements. Harrison gives 0.0157 volt for the value 
against distilled water. 

Having determined the value of P, the original value of q for each 
of the membranes can be calculated from the first equation. The per¬ 
centage capillary cross section (joo X) is given in Table IV for the 
different sections. The per cent of total ray cell capillary cross 
section making up the total tangential cross section was determined 
from photomicrographs made with the assistance of Dr. Weinstein of 
the Forest Products Laboratory. The cross sections of the ray cells 
were cut out on the line of demarkation of the inner capillary wall from 
20x16 inch enlargements (250 times). These were weighed, and the 
weight was divided by the total weight of the photomicrograph prints. 
These values are given in the last column of Table IV. They check 
quite well with the capillary cross sections obtained from the electro- 
endosmose measurements, thus indicating that the submicroscopic 
capillarity, pit communication capillarity, and cross grain capillarity 
are all very small in comparison with that of the ray cells. The results 
from the two different methods of measuring the capillarity differ 
appreciably only in the case of yellow poplar. The original photo¬ 
micrographs indicated a rather large deviation in the distribution of 
the ray cells for poplar which was not the case for the softwoods. 
The two values given were from enlargements taken from different 
parts of the same photomicrograph, whereas the two values for Sitka 
spruce were from entirely different specimens of different density. 
The ray cells of the poplar are further quite short and subject to 

Soc, of Dyers and Colorists, 27, 279 (1911); Trans, Faraday Soc,, 19, 116 (1920). 
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TABLE IV 


Capillary Cross Section of Tangential Sections 

Per Cent 
Capillary Cross 
Section of Rays 

Av. P from Photo¬ 
in Volts 100 X micrographs 


V 


Membrane cc. per sec. 

Sitka Spruce . 0.00453 

.00424 

.00365 

Alaska Cedar .00148 

.00137 

Western Red Cedar ... .00080 

.00090 

Western Hemlock.00160 

.00144 

Douglas Fir.00058 

.00044 

Yellow Poplar .00127 


0.0136 

1.97 

1.84 

1.59 

1.19-1.90 

.0135 

0.73 

0.67 

0.79 

.0139 

0.41 

0.46 

0.39 

.0132 

0.75 

0.68 

0.82 

.0131 

0.30 

022 

0.26 

.0135 

0.58 

1.31-2.03 


Capillary Cross Section of Transa’erse Sections 


V 


Sitka Spruce *. 0.0693 

.0552 

Alaska Cedar.0570 

Western Red Cedar.0676 

Western Hemlock.0704 

Douglas Fir .0546 

Yellow Poplar . .0176 


Density 
of Wood 

100 X 

Max. 

Capillarity 
from Density 

0.304 

74.3 

80.4 

.408 

60.8 

73.7 

.442 

61.7 

71.5 

.290 

73.3 

81.3 

.343 

75.0 

77.9 

.526 

55.0 

66.1 

.320 

18.7 

79.3 


being clogged by resins. Both of these factors tend to cut down the 
effective capillarity. The results thus seem ,to show that the electro- 
endosmotic measurements give a very good statistical value for the 
effective ray cell capillarity. 

The second part of Table IV gives the percentage capillarity cross 
section of the transverse sections from the electroendosmose measure¬ 
ments, and the maximum capillarity calculated from the density of the 
wood. The latter is the maximum theoretical capillary cross section 
on the assumption of all cells being open at both ends, and the capil¬ 
larity in the other two space directions being negligible. This is equal to 

100 where d is the density of the wood, and do that of wood 

substance (1,55 by water displacement). In general the capillarity 
approaches this maximum value. The observed value for yellow poplar 
again is low due most likely to the fact that the fibers are shorter than 
in the case of the softwoods. 

The above measurements on the tangential sections seem to indicate 
that practically sdl of the effective capillarity can be accounted for by 
the. ray cell capillaries, This makes it seem as though the capillarity 
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of a radial section, which contains no ray cell capillarity, would either 
be small or made up of some other form of capillarity than that of the 
tangential sections. Though the capillarity of the radial sections is 
small, it is sufficiently great to warrant the consideration of a small 
possible ring shake capillarity in addition to that of the increased pit 
communication capillarity. 

The differences in the rates of electroendosmose through the three 
different kinds of sections seems to be entirely a matter of relative 
unobstructed microscopic capillarity. The electrical conductivity on 
the other hand seems to be a surface phenomenon in which the hygro¬ 
scopic moisture in the submicroscopic structure as well as that on the 
surface of the capillaries is effective. 

Summary. 

1. The rate of electroendosmose through membranes of six different 
species of wood were studied using sections cut in the three different 
structural directions. 

2. Adjacent sections give similar rates. The thickness of the mem¬ 
branes does not affect the rate appreciably for the thin sections used. 

3. The potential of wood against water was computed from deter¬ 
minations of the increase in velocity of endosmose resulting from the 
drilling of a known cross section of holes. A value of approximately 
0.0136 volt was obtained for all of the species. 

4. The effective capillary cross section of tangential sections, as ob¬ 
tained by the electroendosmotic measurements, corresponds very well 
with the capillary cross section of the ray cells obtained from photo¬ 
micrographs. 

5. The capillary cross section of the transverse sections approaches 
a maximum value corresponding to that calculated from the density 
of the wood on the assumption that all cell cavities are open at both 
ends, and the capillarity is entirely perpendicular to the transverse 
plane. 

6. The results indicate that the motion of water through the sub- 
microscopic structure is very small. Even the slight capillarity through 
the radial sections seems to be other than that of submicroscopic 
structure. 

7. The increased specific conductivity of water in wood over that 
of water in bulk, and the similarity of the ratios of the conductivities 
in the three different structural directions of wood containing only 
hygroscopic water with those for wood with all of the capillaries filled 
with free water indicate that the electrical conductivity is a surface 
phenomenon. 

U. S. Forest Products Laboratory, 

’ Madison, Wisconsin. 



THE PLACE OF ADHESION IN THE GLUING OF WpOD 
By F. L. Browne and T. R. Truax 

Although glue gave the name to colloid science and the chief con¬ 
stituents of most of the important glues have been favorite materials 
for colloid investigations, the ancient art of gluing has until recently 
been almost completely neglected by scientists. The glues in use at 
the present time have been discovered chiefly by accident and gluing 
methods developed by frank empiricism. That a systematic study of 
the subject will lead to important technological improvements has al¬ 
ready been demonstrated in the gluing of wood, and there is reason to 
believe that better glues are likewise awaiting discovery. If, however, 
really significant advances are to be made in the development of glues, 
the colloid chemist must first explain how glues hold wood surfaces 
together and what are the essential properties of an adhesive. 

Bancroft ^ seems to consider that adhesion, in general, depends upon 
adsorption of the adhesive at the surfaces which are joined, and that 
the degree of adhesion can probably be measured by the amount of 
adsorption. In the joining of wood with animal glue, for example, he 
concludes that the strong force of adhesion between the proteins of 
the glue and the wood substance brings about a concentration of the 
proteins at the wood-glue interface, and that among different glues 
the strongest joints may be expected with the one which is thus adsorbed 
to the greatest extent and hence offers the greatest adhesion. 

McBain and Hopkins,® on the other hand, point out that adhesion 
is not the only factor determining, the strength of a glue joint. The 
evidence shows clearly that strong joints require the presence of a 
film of adhesive of appreciable thickness which must transmit whatever 
stresses may be applied. A glue must therefore be a highly cohesive 
material in order to provide sufficient mechanical strength. For joining 
smooth surfaces, such as glass or polished metal, there must of course 
be a strong force of adhesion between glue and surface, but when 
porous materials like wood are united it may only be necessary for the 
glue in the fluid condition to penetrate sufficiently and solidify in place, 
McBain and Hopkins therefore consider that there are two different 
types of adhesion —specific adJwsion, involving a force of attraction 
between adhesive and surface, and mechmical adhesion, involving the 

‘‘^Applied Colloid Chemistry*' (I), 74 (1924). 

* Second Report of the (British) Adhesives Research Committee. 
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embedding of solidified adhesive in the cavities of a porous material. 
They consider wood joints to be in the latter class. 

That mechanical adhesion is operative in the joining of wood with 
any of the glues now in common use by woodworkers can scarcely be 
questioned, but the present writers take a middle ground in believing 
that specific adhesion is also an important factor. This does not imply 
any serious disagreement with McBain and Hopkins' point of view, 
but merely a difference in emphasis and perhaps in definition. The 
penetration of the glue into the lumina and vessels of the wood, which 
is essential to mechanical adhesion, can be brought about only if the 
glue while in the fluid condition wets the wood, that is, if the glue sol 
adheres to the walls of the wood elements. In view of the continuous 
character of the sol-gel transformation and the drying of the glue jelly, 
it does not seem probable that this adhesion is entirely lost when the 
joint dries. Moreover the strongly hygroscopic nature of the common 
wood-working glues and of the wood substance as well makes it reason¬ 
able to suppose that glue and wood possess an attraction for each other. 
At least some degree of specific adhesion therefore seems to be a sine 
qm non for mechanical adhesion in the case of materials of such a fine 
degree of porosity as wood. 

The difficulty of obtaining mechanical adhesion in wood with a 
glue which does not wet wood is illustrated by the following experiment: 
Smoothly surfaced and matched blocks of red oak were selected because 
the numerous large vessels, free of tyloses, were thought to afford an 
excellent opportunity for penetration. As the *‘glue,’' Lipowitz' alloy 
was selected because metals do not wet wood and because this alloy, 
when kept at a temperature slightly above its melting point, 65° C., 
has a viscosity not unlike that of woodworking glues. The blocks, 
previously heated, were ‘"glued” together under a pressure great enough 
to squeeze out excess adhesive and still leave a continuous film of alloy 
of a thickness comparable to the films found in strong joints with com¬ 
mon types of glue. When the joints had cooled thorouglily the blocks 
were found to adhere with about the tenacity of any smooth, flat sur¬ 
faces pressed together tightly enough to exclude all air from between 
them. When the joints were pulled apart by hand the metal film was 
easily removed intact, and it was found that no appreciable penetration 
had been obtained even in the largest vessels of the wood. 

Two lines of evidence against specific adhesion as an important 
factor in the gluing of wood are adduced by McBain and Hopkins: 

In one set of experiments they applied three coats of an oil stain 
to the wood surfaces to be joined, presuming that they had thus closed 
the available openings in the wood. This prevented obtaining satis¬ 
factory glue joints in the case of mahogany. With pine, however, the 
glue joints were reasonably strong. , One is free to explain the results 
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in a different way from that offered by the exi)erinienters. The oil 
stain may have formed a thin coating over the surfaces of the ma¬ 
hogany, preventing wetting of the wood by the glue, l^ine ])robably ab¬ 
sorbs oil more readily, so that the amount of stain applied may not have 
been sufficient to form an effective barrier between wood and glue. If 
such experiments are to throw light upon the question of specific adhe¬ 
sion, the “filler” should be impregnated into the wood to a sufficient 
depth to permit sanding of the surface in order to remove any coating. 
In tlois way the cavities will be filled and yet there will be some uncoated 
wood substance for the glue to wet. We have tried to carry out this 
scheme with sugar maple test specimens impregnated in one case with 
paraffin and in the other with collodion. When the specimens were 
glued together with animal glue and tested the joints made with the 
paraffin-treated wood failed at an average load of 2,200 pounds per 
square inch and those treated with collodion at 2,500 pounds per square 
inch. Microscopic examination of thin sections across the glue joint 
showed that the amount of penetration of the glue had been very 
greatly reduced by the presence of the fillers, but that we had not suc¬ 
ceeded in preventing penetration entirely. If specific adhesion has 
no part in the joint strengths obtained, then it would seem that re¬ 
markably little penetration of the glue suffices to produce a strong 
bond. . 

McBain and Hopkins* second argument against specific adhesion 
in wood joints rests upon the assumption that adsorption “is an almost 
necessary inference'* in the case of specific adhesion, and they cite 
some experiments the results of which they interpret as showing the 
absence of adsorption of gelatin by wood. When dry pine sawdust 
was brought into contact with a gelatin solution, the solution increased 
in concentration by an amount which would be accounted for if the 
wood adsorbed about 24 per cent of its weight of water and did not 
adsorb any gelatin. Since the amount taken up from pure water was 
found by direct determination to be about 10 per cent, the conclusion 
was drawn that any adsorption of gelatin by the wood is negative. How¬ 
ever, the authors seem to doubt the reliability of their value for the 
“adsorption” of water by wood, because they give it with a question 
mark in their tabulated data. That it is greatly underestimated can 
scarcely be doubted, since we know that the fiber saturation point for 
pine lies well above 24 per cent. The data therefore do not justify the 
conclusion that there was no adsorption of the gelatin. 

It should be remembered that wood is a very strongly hygroscopic 
material absorbing and holding about 30 or 35 per cent of water in an 
intimate relation probably quite similar to the condition of the water 
, in a concentrated gelatin j.elly. When dry wood is placed in an aqueous 
solution, the absorption of hygroscopic water should be distinguished 
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from any adsorption effects at the wood-solution interface. Even if 
one chooses to regard the hygroscopic water as adsorbed in ultra- 
microscopic cavities, the dimensions of such cavities are presumably of 
an order comparable with molecular sizes—vastly smaller than the 
microscopic cavities which we usually have in mind in speaking of 
wood as a “porous” material. The small, mobile, highly polar water 
molecules would be expected to penetrate interstices inaccessible to the 
large, swollen micelles of a gelatin sol. In agreement with this view 
Salzberg® finds that an aqueous solution of glucose increases in con¬ 
centration when brought in contact with sawdust. 

But whether adsorption took place in McBain and Hopkins* experi¬ 
ments or not, the proposition that there can be no adhesion where 
there is no positive adsorption does not seem acceptable. We may regard 
adsorption as a matter of the relative attractive force between the mate¬ 
rial composing the solid surface and the solvent and solute respectively. 
A stronger attraction between wood and water than between wood and 
gelatin would express itself in negative adsorption of the gelatin. But 
such a condition does not indicate the absence of any attractive force 
between wood and gelatin. On the contrary, since the affinity of 
wood for water is so great—dry wood will abstract water from calcium 
chloride monohydrate—its attraction for gelatin may be less and still 
be large enough to account for a powerful adhesion between the sur¬ 
faces of wood and the dry glue film of a joint. 

The writers are inclined to picture conditions during the making 
of a glue joint in some such manner as the following: The glue, 
whether it be animal, casein, blood albumin, starch, or perhaps even 
sodium silicate, is applied to dry wood in the form of an emulsoid sol 
of such concentration as is necessary to give a fluid of convenient 
consistency to spread properly with the woodworker’s machinery and 
to penetrate the wood cavities to some extent in order to increase the 
surface area available for adhesion. As already mentioned, penetra¬ 
tion will be obtained only if the glue wets the wood. Excessive pene¬ 
tration is undesirable for two reasons,—it wastes glue and may pro¬ 
duce “starved” joints. Fortunately the dry wood absorbs water from 
the glue, such water penetrating to a much greater depth below the 
surface of the wood than the glue. A microscopic examination of sec¬ 
tions through glue joints made with glues of alkaline reaction shows 
this greater penetration of the aqueous dispersion medium very beauti¬ 
fully, because on staining with phenolphthalein the presence of alkali 
can be demonstrated far beyond the limits of penetration of the. glue 
jelly. Presumably hygroscopic moisture is drawn in stiU deeper than 
the dissolved alkalies. 

The concentration of the glue sol resulting from the withdrawal 

* Unpublislied data of the Forest Products laboratory. 
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of water by the wood, together with the drop in temperature in the 
case of hot glues, brings about gelation with the desirable results of 
avoiding excessive penetration of the glue and producing a consistency 
of the glue in the remaining glue film suitable for withstanding the 



h—A section through a joint in oak plywood joined with casein glue showing 
that the glue moisture carrying sodium hydroxide with it penetrates much 
farther into the wood than the casein jelly. The alkali stains the wood 
through reaction with the tannin contained in the wood. 

rather high pressures which must ordinarily be employed for bringing 
about uniform contact of the wood surface with the glue films. It is 
very important from the point of view of gluing technic to make sure 
that a suitable balance is maintained between pressure applied to the 
joint and consistency of the glue film at the time of pressing. With a 
mobile glue film high pressures must be avoided. If a high pressure 
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must be used, care should be taken to obtain a firm glue film before 
applying it. 

During the drying of the joint the glue jelly is subjected to severe 
stresses which the elastic gels are peculiarly fitted to withstand. Both 



Fig. 2.-~A longitudinal section through a “starved’’ Joint, “JJ’\ showing how the 
shrinkage of tendrils of glue penetrating the wood cavities takes place by 
exaggeration of the glue meniscus, making the glue tendrils hollow 
cylinders, “C', for a large portion of their length. Such a large increase in 
the area of the meniscus could not take place against the force of surface 
tension if there were no specific adhesion of the glue for the wood. 

the wood and the jelly itself shrink, and the volume change must be 
brought about by a readjustment within the glue film if contact be¬ 
tween wood and glue is to be maintained* The shrinkage of wood is 
SO to 100 times as great transversely as longitudinally and may be 
twice as much radially as tangentially. In plywood and panel construe- 



264 


COLLOID SYMPOSIUM MONOGRAPH 


tion the grain of alternate plies is placed at right angles, so that the 
direction of maximum shrinkage in one is opix>sed to that in the other. 
The resulting shearing stress upon the glue film during drying should 
be at least partly compensated by appropriate volume changes in the 



Fig. 3.—A cross section through a ‘'starved” joint showing the relatively deep 
penetration of glue into the wood and how the glue tendrils form hollow 
cylinders clinging to the walls of the. wood cavities as the glue jelly shrinks, 
(Observe small white spots, to the left, surrounded by dark rings representing 
tlie dry glue.) 

jelly, a condition which can be met only by a material which combines 
high mechanical strength with the ability to flow sufSciently to make 
volume changes by alteration of its three dimensions in any manner 
demanded. 

It is clear from the foregoing that the peculiar properties demanded 
of a glue for woodworking are such as are especially characteristic 






THE PLACE OF ADHESION IN THE GLUING OF WOOD 265 

of those emulsoid colloids which yield elastic jellies. Since there is a 
manifest need at the present time for a more precise definition of 
the word “glue/* it is suggested that it be based upon a recognition of 
this fact. McBain and Hopkins make the proposition that “any fluid 
which wets a particular surface and which is then converted into a 
tenacious mass by cooling, evaporation, oxidation, etc., must be re¬ 
garded as an adhesive for tliat surface.^’ We would accept this, and 
then define a glue as a-particular type of adhesive, as follows; Any 
moieTial which can be obtained an emulsoid sol of suitable con^ 
sistency^ which wets a particular surface, and which subsequently 
forms a strong elastic jelly by cooling, heating, evaporation, or chem¬ 
ical reaction must he regarded as a glue for that surface. Such a 
definition has the advantage of recognizing the newer adhesives which 
are now known in commerce as glues, and it should commend itself par¬ 
ticularly to disciples of Thomas Graham. 

That specific adhesion is an important factor in obtaining strong 
wood joints will be clear on further considering the results of the shrink¬ 
age of glue during drying. If the glue did not stick to the wood, 
the tendrils of jelly projecting into the wood cavities would be ex¬ 
pected to shrivel and no longer fill the openings. The glue film be¬ 
tween the gross surfaces would also be expected to draw away from 
the wood, arching over the spaces between the openings into the 
wood cavities. Microscopic examination proves that such is not the 
case. Shrinkage of the glue tendrils takes place largely by enormous 
exaggeration of the concave meniscus at the inner end of the tendril, 
leaving a film of glue clinging to the walls of the cavity. When dry 
the tendrils become long, hollow cylinders for a great portion of their 
length. Shrinkage in the main glue film evidently takes place by a 
decrease in total thickness, drawing the wood surfaces somewhat closer 
together than they were at the time the glue “set.'' 

A tradition of the glue room holds that stronger joints result when 
the smooth wood surfaces are, slightly roughened by means of a 
toothing plane, a claim which has been used as an argument in fayor 
of mechanical adhesion. Careful investigation has shown, however, 
that under proper gluing conditions smooth joints are at least as strong 
as “scratched” joints, and that it is only under “starved” joint condi¬ 
tions that the roughened surfaces help to keep pockets of glue which 
provide a bond over a portion of the contact surfaces and hence give 
stronger joints. The practical man's prejudice in favor of tooth- 
planed surfaces has been due to the fact that other traditions of the 
glue room have favored the production of starved joints. 

Microscopic examination of sections of a very large number of 
glued joints made with many woods, several kinds of glue, and vari¬ 
ous gluing conditions, the strengths of which had been tested have 
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led to the conclusions that (1) for strong joints it is necessary to 
have an observable, continuous film of glue between the surfaces joined, 
(2) the thickness of the film may vary within rather wide limits with¬ 
out affecting the strength of the joint, and (3) there is no correlation 



Fig. 4. —Sections through two joints in birch plywood made with the same glue 
under the same gluing conditions, except that four times as much pressure 
was applied in one case as in the other. The higher pressure resulted in a 
thinner glue film and much greater penetration of the glue into the wood 
cavities, but did not increase the strength of the joint 

between strengtli of joint and the amount or depth of penetration 
of glue into the vessels or lumina of the wood. 

The necessity for maintaining a continuous glue film between the 
surfaces is obvious on the basis of either the mechanical or specific 
adhesion theories, but if mechanical adhesion alone were of importance 
it should be possible to demonstrate an optimum degree of penetra- 
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tion for obtaining the strongest joints. That no such optimum has 
been found and that with many woods strong joints have been obtained 
with remarkably little penetration of glue into wood cavities argues 
strongly that specific adhesion is at least comparable in importance 
with mechanical adhesion for the gluing of wood. 

During the course of a number of experiments involving joint 
tests, a careful observation was made of the results obtained with 
blocks in which the grain, instead of running exactly parallel to the 


Species 

Cechr. r^sf^rn.rec/ (Thiycf phcaia) 

Fir, white (Ahtes centco/orj _ 

Spruce. Jtfka (Ptcea sitchensisX. 
neMfock. yuestern (Tsuepi heter^hif//a). 

Pihe, eastern tvk/te {P/nus stroSus). 

fS^irooef (iSefsa/a sempervirens)^ 

Fir. Pouqtas (Pseuciotsu:^ tendfoho). 

Cedar. Aiaska (Chamaeci^paris nootkafensis)....^ 
Chestnut (Cas^nea den tufa). 

Cattanwood (Poputus spX - 
Pine, southern tfel/ow fPinus sp). 

Aider, red fA/nus rubra) _ 

Cupress. ha/d fTaniodiuwi distichuin). 

Poplar, Ife/hw (Urtodendron tu/pifera). 


\Pine, western tfeihw (Pmus ponderosa). 
\ptahoifan^ (Swietenia sp). 

'Oak, white (Ouercus sp )— 

Sifcamore (P/atanus occidenfa/is) 

Gum. h/peio (t/ussa aifuatica)^ 

YAstHut, block (Juq/ans nttfra), 

Ei/n. American (iVntus amencana). 

Dasswoed (Tdh sp) _ 

/tickory (dicoria sp).,^ 

Oak, red (Quercus sp)^ 

Gum. red (heart) (iujfuidambar stifroctfluoj 
Pfaefno/ia (heart) (Hotfndia sp). 

Ash, white (Fraxmus sp) - 

Cher rtf, black (Prunus serotina. 

Gum. red (sap)(Liquidamiar shfraciflud). 

Cedar, red (/uterus - 

\Oirch, yellow (Betula tutea). 

\^ple. sucfor (Acer saccharum). 



Fig. S.—The results obtained with animal glue in parallel grain gluing of different 
woods under “starved” joint conditions. 

plane of the joint, made a slight angle with it. If mechanical adhesion 
alone were effective, one would expect such specimens to give higher 
test values when the direction of shear is such as to tend to push the 
glue tendrils, running with the grain of the wood, farther into the 
wood than when the tendency is to pull them out. No such difference 
in joint strength in the two cases could be detected. 

If mechanical adhesion were the only important factor in gluing 
wood, there should be a close relation between wood structure and joint 
strength. The results obtained with a large number of species of wood 
indicates that, in general, the greater the density of the wood the 
higher the strength of the joints obtained under suitable gluing con- 






































































METHODS FOR CUTTING AND DIFFERENTIAL STAINING 
OF MICROSCOPIC SECTIONS OF HARDWOOD GLUE- 
JOINTS 


By Arthur L Weinstein 

In the study of the penetration of glue into the wood on both 
sides of a glue joint and of the manner of adhesion of different glues 
under various methods of application, microscopic examination of the 
glue joints is essential. Satisfactory examination necessitates the 
cutting of thin, transparent sections of the wood on a microtome and 
the subsequent staining of the sections. The usual method of pre¬ 
paring wood for sectioning is impracticable for glue joints, in view 
both of the nonresistance of some of the glues to water and of the 
possible detrimental effects on the glue of the acids used in the process. 
Therefore a new technique in the preparation of the material for sec¬ 
tioning and in the staining of the sections had to be developed. 


Material and Methods. 


The work was done on hard maple joints made with the followine 
glues: 

(1) Blood albumin glue; (2) casein glue; (3) vegetable (starch) 
glue; (4) animal glue (three joints made with animal glue under 
different gluing conditions). Table I gives the results of strength tests 
on these joints. 


TABLE I 

Results of Strength Tests 


Joint 

Kind of Glue 

Quality of 
Joint for 

Average Strength 
in Pounds per 

Wood 

No. 

Hard Maple 

Square Inch 

Failure * 

1 

Blood albutnin 

Strong 

3080 ■ 

63 

2 

Casein 

Strong 

3521 

34 

3 

Vegetable 

Strong 

3875 

80 

4 

Animal gluef 

Joint “a” 

Strong 

3380 

50 


Joint 

Weak 

2376 

10 


Joint “c” 

Strong 

3617 

95 


* Estimated on percentage of wood-failure to glue area only, 

1 ^ conditions, “b,” Joint made under “starved” 

gluing conditions. c. Tomt made under “starved" gluing conditions but wood treated 
with caustic soda before gluing. 
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Preparation of Material for Sectioning. 

Formalin Method: 

The best results with joints of blood albumin, casein, and animal 
glues were obtained by treating the glue joints with formalin. Parts 
of the wood containing the joints were cut into small blocks about half 
an inch long and a quarter of an inch in thickness, and these were 
placed in glass vials filled with commercial formalin. Some of the 
blocks sank after twelve hours in the liquid, others floated near the 
surface for three or four days. After soaking for seven to ten days, 
longitudinal and cross sections 15 to 20 p. (15 to 20 25000th inch) in 
thickness were cut on a Thomson modification of the Jung-Thoma 
sliding microtome. 

Alcohol-Glycerin Method: 

Very good sections, about 20 \i in thickness, were cut from blood 
albumin, casein, and animal glue joint “c'' (see Table I) after treat¬ 
ing the wood with equal parts of glycerin and 95 per cent alcohol for 
ten days, followed by formalin for 48 hours. Good sections were 
obtained by this method from animal glue joint ‘‘a/' but the glue-line 
swelled to nearly twice its original thickness. Animal glue joint ‘"b” 
fell apart before the wood was soft enough to cut. 

Hot Alcohol Method: 

Equally good sections were also obtained from the blood albumin 
and casein glue joints and animal glue joint ‘‘c'’ by treating them with 
hot 95 per cent alcohol for at least 7 days. The method employed 
was to place the loosely stoppered vials, containing the alcohol and the 
glue joints, in an electric oven at 70° C. Some of the alcohol evaix)rated 
and had to be replaced about every 24 hours. 

Hot Glycerin Method: 

Sections from vegetable glue joints were obtained by treating the 
joint with hot glycerin for about five days. The stoppered vials with 
the glycerin and blocks were kept in the electric oven at 70° C. for 
the necessary length of time, after which sections IS to 20 p in thick¬ 
ness were cut with ease. The vegetable glue joints could not be sec¬ 
tioned successfully when treated with formalin, alcohol-glycerin, or 
hot alcohol because they fell apart after only a few hours in the reagents. 

Blood albumin and casein joints also yielded excellent sections 
when treated with hot glycerin, but the animal glue joints all dis¬ 
integrated, joint ‘"b” falling apart in less than two hours. 



272 


COLLOID SYMPOSIUM MONOGRAPH 


Staining. 

Since some of the glues are transparent and cannot be clearly 
identified under the microscope in unstained sections, the use of stains 
to bring out the glue line becomes a necessity. Stains ordinarily em¬ 
ployed in wood technology are of little use, as they stain the glue line 
the same color as the surrounding cell walls and the various cell in¬ 
clusions, such as gums, mucilage, etc. In order to identify the glue 
line unmistakably as it penetrates the wood, the glue must be stained 
a color distinctive from that of the wood elements. Such a differential 
stain for hardwood (angiosperm wood) glue joints is Pianeze Illb,^ 
which stains the wood green and the glue deep rose to purplish blue. 
Blood albumin glue is not stained at all, but the brown glue line 
itself is in this case in fine contrast with the bright green wood. 

In staining with Pianeze Illb the sections are placed in the stain 
directly from the alcohol in which they are cut. After fifteen minutes 
in the stain they are washed in 95 per cent alcohol, destained with 
acid alcohol if necessary, and washed again in 95 per cent alcohol to 
remove the acid. The sections are then run through absolute alcohol 


TABLE II 

Staining with 

Preparation for Sectioning and Pianzee Illb 

Glue Joints Kind of Sections Obtained 15 to 30 minutes 

1 Part 
Glycerin 
1 Part 
Alcohol 
(95%) 

Hot Applied Cold 
Hot ^ Alcohol 10 Days. Com’l 
Glycerin 95% Then Formalin 



. Kind of 

5 Cays at 7 days at 

Formalin 

7 Days 

Color of 

Color of 

No. 

1 

Glue 

Blood 

70" C 

70" C. 

48Hrs, 

(Cold) 

Wood 

Glue 


albumin 

Good 

Good 

Good 

Good 

Green 

Brown 

2 

Casein 

Good 

Good 

Good 

Good 

Green 

Rose to 
purplish 

3 

4 

Vegetable 
Animal glue 
• Joint “a” 

Good 

None 

None 

None 

Green 

Rose 


None 

None 

Good 

(somewhat 

swollen) 

None 

Good 

Green 

Rose 


Joint “b” 

None 

None 

Fair 

Green 

Rose 


Joint 

None 

Good 

<jOod 

Good 

Green 

Purplish to 
blue 


^Pianeze ia prepared as follows; Malachite green, 0.5 g.; acid fuchsin, 0.1 g.; “Martius 
gelb,” 0.01 water, distilled, 150 cc.; alcohol (95 per cent), 60 cc. 

» ”a.” Joint made under good gluing conditions. Joint made under starved gluing 

conditions, “c.” Joint made under starved gluing conditions but wood was treated with 
caustic &oda before gluing. 
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and xylol and mounted in balsam. The wood is colored a bright green; 
the glue, brown for blood albumin, deep rose for casein, vegetable, 
and animal glue joints “a” and “b,” and purplish to blue for joint “c.” 

A summary of results in the preparation of the material and stain¬ 
ing of sections is given in Table II. 

U. S. Forest Products Laboratory, 

Madison, Wisconsin. 



Fig. 1.—Stained cross section of hard maple-blood albumin glue joint. X 100. 
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Fig. 2.—Stained cross section of hard maple-casein glue joint. X 100. 
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Fig. 3,—Stained cross section of hard maple-vegetable glue joint. X 100. 
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Fig. 4.—Stained longitudinal section of hard maple-animal glue joint "a,” made 
under good gluing conditions. X 100. 




METHODS FOR CUTTING HARDWOOD GLUE-JOINTS 277 



Fig. S.—Stained cross section of hard maple-animal glue joint “b," made under 
“starved" gluing conditions. X 100. 
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Fig. 6.- 


fi—Stained cross section of hard maple-animal glue joint “c,” made mder 
“starved” gluing conditions but wood treated with caustic soda before g uing. 


X 100. 
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Fig. 7.—Stained longitudinal section of hard maple-animal glue joint “c/' made 
under “starved” gluing conditions but wood treated with caustic soda before 
gluing. X 100. 
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Fig. 8.—Unstained cross section of hard maple-animal glue joint “a,” showing 
faint outline of glue line. X 100. 





FLOCCULATION AND DEFLOCCULATION OF THE SILVER 

HALIDES 1 

By S. E. Sheppard and R. H. Lambert 

At the first meeting of the Colloid Symposium in 1923, one of us 
presented a paper on ‘‘The Dispersity of the Silver Halides in Rela¬ 
tion to Their Photographic Properties.” ^ , It was stated at that time 
that grain size and distribution are important factors of the photographic 
sensitivity of silver halide emulsions and in one and the same emulsion 
the sensitivity increases as the size of grain increases. Grain size 
is not, however, a sufficient condition for sensitivity but is apparently a 
necessary’ one. 

In a pai>er “ given at the Colloid Symposium last year, it was shown 
that one very important factor for the sensitivity of photographic 
emulsions is the inherent sensitivity substance present in the gelatin 
surrounding the grains. Minute traces of organic isothiocyanates and 
thiocarbamides in gelatin react with the silver halides to form nuclei 
of silver sulfide which in turn act as sensitivity centers for light de- 
comiX)sition of the silver halide grains. Theoretically it is therefore 
possible to separate the process of riiiening into two distinct phases, 
viz., the production of silver halide grains size and composition, and 
laving h given size distribution, and the sensitization of these by in- 
noculation with silver sulfide. 

In the paper on “The Dispersity of the Silver Halide, etc.,” and 
in a subsequent paper in Tlw Photographic Joiirnml* a tentative theory 
was sketched by one of us of the process of precipitation which might 
lead to the size distributions observ'ed in this Laboratory. The funda¬ 
mental assumption made was that the distribution of ionic and molecular, 
velocities in the reacting solutions is representable by Maxwell’s “error 
function,” Accordingly, the number of ions having velocities between 
the limits v and v -f du will be 

Where N = total number of ions iier unit volume 
^ = mean-square velocity 
C = constant (at constant temperature) 

^ Communication No. 279 from the Research Laboratory of the Eastman Kodak Company. 

* Colloid Symposium Monograph, 1, 846 (X928). 

* Colloid Symposium Monograph, S, 76 <1,926). 

* Sheppard, PAot. /. (1925L 


26X 
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It was further supposed that the velocities (of Brownian movement) 
of the first formed colloidal particles of precipitate formed would be 
similarly distributed, and that as a first approximation, stirring only 
affected the constant C. 

Since the observed frequency curves are better represented by an 
equation of the error function type with a logarithmic exponent,® 

y = 

an extension of the initial premise was necessary. It was pointed out 
that the type of distribution observed would be obtained if each pri¬ 
mary particle surviving at the time U grew at a rate proportional to 
its size. 

These suggestions were criticized by F. F. Renwick ® as inadequate, 
and particularly as neglecting the electrostatic coagulation or precipita¬ 
tion of silver halide hydrosols originally stabilized by momentary and 
local excess of a common ion, Renwick indeed goes so far as to state. 
“Furthermore, Lottermoser showed that AgBr, when precipitated in 
presence of excess of alkali halide, is negatively charged, while it is 
positively charged in presence of excess of AgNO^. When therefore 
the reacting solutions are approximately chemically equivalent, we 
should expect instant precipitation and the production of approximately 
equal numbers of positively and negatively charged primary particles. 
Such a state of affairs, however, can readily be imagined to be instable, 
and we may reasonably expect these oppositely charged prhnary particles 
quickly to aggregate to large grains by electrostatically attracting one 
another.’* 

“In this manner, it is easy to picture the process of AgBr emulsion 
grain formation as essentially an electrical precipitation or coagulation 
process regulated mainly by the concentrations, both absolute and rela¬ 
tive, of the two reacting solutions at each instant, and in each minute 
volume of the mixture.” 

In reply to this article of Renwick’s it was again ix)inted out that 
the process of electrical precipitation would only lead, per se, to the 
formation of secondary particles, a reversible process, and not to large 
crystalline grains, formed by recrystallization. It is the array of 
crystalline grains which the size distribution curves portray. So far 
as definitely microcrystalline precipitates of the silver halides are con¬ 
cerned, the phase of “electrostatic precipitation” can only be a sub¬ 
ordinate aspect, and one to some extent already considered as the stage 
of “encounters between (primary) grain and grains, as well as between 
particles and ions.” ^ None the less, the process of “electrostatic pre¬ 
cipitation or coagulation” is of definite importance in regard to the 

» Cf, Wightman, Trivelli, and Sheppard, /. phys, Clmn., 28, 529 (1924). 

* Pnai. J., 48, 824 (1924). 

'f C/. also Wightman, Trivelli, and Sheppard, Trans. Faraday Soc., 19, 73 (1928) 
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grain formation and growth of silver halides. It is with this phase 
of silver halide dispersions that this paper is primarily concerned. 

Sol formation may and should be regarded as a phase in the crystal¬ 
lization and recrystallization process. This phase may be deliberately 
extended and separately studied. From tliis viewpoint a knowledge of 
the mechanism of the somatic growth of crystals is of the greatest 
importance and it has been known for a long time that presence of 
foreign material in the neighborhood of growing crystals may entirely 
alter their form and size. 

The terminology of colloid chemistry, not least in what concerns the 
formation and dissolution of precipitates, is still very confused. We 
have thought it well therefore to present a scheme in which our own 
terms are defined, and particularly those referred to in the title under 
the antithesis “Flocculation and Deflocculation.’^ 


Table I 

AGGREGATION 

C0MDEri3Ari0N(mERMAl) FLOCCULATION ^ 

ATOMS AND M 0UBC,UIJ5S IN A PREQPIIATIQN MBIHANIC/U- 

HI6HLY0ISPER3ESmrE f'WWrUAliUn 
BTOUfiiiriNTOajosEOCNfTA^ / \ INTEGRATION 

VSCkPCRCONDENSIIW'IOUqUID / \ 

CHEMICAL ELECTRICAL 


DIS6RE6ATI0N 

\ 

OISPERBAnON(THERMAl) DERjQCCULAnON 
/ \ 

DISPERSION MECHANICAL 
OlSlNTEGRAnON 

CHEMICAL ELEQRICAL 


AND 
SUBUHATION 


/ 


We understand by condensation and dispergation, changes of state 
in which a relatively large heat interchange takes place and since in a 
study of silver halides we are not directly concerned with such changes 
of state little more will be said about them. Of none of the aspects 
of aggregation and disgregation of matter is it true that it is inde¬ 
pendent of the others. It seems desirable therefore to include chemical, 
electrical and mechanical aggregation into one term which may be 
called flocculation and that the opposed action be designated as dcfloc- 
culation. 

Experimental. 

With the various aspects of deflocculation and flocculation in mind, 
we may proceed to study this process more in detail. 

Renwick's contention that the “electrostatic coagulation’' is the whole 
story of grain formation in photographic emulsions appears to be easily 
rebutted. This process, in the absence of gelatin or other protective 
colloid, leads only to the reversible formation of secondary and tertiary 
particles or clumps, which are readily redispersed either mechanically 
or ,chemically (electrostatically),® Such clumps or clots may, as is 
well known, be produced as follows; 

«The mutual flocculation of oppositely charged hydrosols, postulated by Renwick, follows 
the same process as the flocculation of a colloid by an electrolyte. Electric neutralization 
is followed by coagulation of the “neutral" particles by each other. 
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Potassium bromide is slowly added to silver nitrate in a definite 
manner while stirring until the equivalent point has almost been reached 
but silver nitrate is still present in excess. The precipitate falls to the 
bottom of the beaker. Then the precipitate is washed repeatedly 
with distilled water until no cloudiness of the wash water could be 
observed. A sample of the precipitate is then placed in a gelatin coat¬ 
ing solution and coated onto a subcoated plate. Figure 1, No. 1, shows 
a photograph of the grains in a clumped condition. On close inspec¬ 
tion, the surface appears very grainy and therefore a photograph in 
reflected light was taken, Figure 1, No. 2. It can be seen that the 
nearly round clumps appear, at least in the surface, to be made up 
of very small individual crystals. 

If some of the coagulated material be placed in the palm of the 
hand and carefully triturated with the thumb of the other hand, a 
mechanical disintegration such as observed in Figure 1, No. 3, has 
occurred. In fact experience has shown with sufficient mechanical 
treatment all the large clumps can be disintegrated. 

Instead of mechanical disintegration, one may introduce potassium 
bromide into the wash water a])ove the coagulated silver bromide grains 
to a proper concentration. After stirring the material for some time 
and finally allowing irresolvable aggregates and large crystals to settle, 
it will be found that much of the coagulum has redispersed. Figure 1, 
No. 4, shows such a dispersion due primarily to chemical and elec¬ 
trical action. The mechanical action of stirring has very small effect 
in this case. Since the chemical and electrical effects are hard to 
separate they are considered together as precipitation and dispersion 
effects in the preceding diagram. 

A study of washing conditions was next attempted since it is 
known that either silver nitrate or potassium bromide will peptize 
silver bromide and that the soluble salts adsorbed to the grains exert 
their peptizing action on washing. To follow this a measurement 
of turbidity was made after each washing, the latter being performed 
in a definite manner. 

Two hundred cc. of 1 N potassium bromide solution were added 
at a definite and constant rate to three hundred cc. of silver nitrate 
solution of such a concentration that 0.25 per cent of the silver nitrate 
was still left after adding all the potassium bromide solution. The 
temperature was kept constant throughout the mixing. The silver 
bromide was almost completely precipitated. The supernatant liquid 
was then made up to one liter with distilled water and stirred for 
exactly ten minutes. After settling five minutes a sample of the sus¬ 
pension was measured for turbidity. The supernatant liquid was then 
decanted and a liter of distilled water was placed over the precipitated 
silver halide. The stirring and settling procedure was repeated in 
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the same time intervals and the turbidity of the wash water again 
measured. This was repeated until further washing showed no 
turbidity. 

The turbidimeter used was one in which a light filament placed be¬ 
low a column of suspension could be viewed from above. 

By varying the height of the column a point would be found at 
which the filament would just disappear. The reciprocal of this height 


> 



in mm. was taken as a measure of turbidity. Since the susi>ensions 
were composed of primary particles only and all of approximately 
the same size, turbidity is a direct measure of the amount of silver 
halide in suspension. 

A second experiment in which the procedure of mixing was exactly 
reversed was now carried out. Silver nitrate was now added to potas¬ 
sium bromide ultimately leaving an excess of the latter equal to the 
silver nitrate excess in the first experiment. Washing followed by 
turbidity measurements was carried out as before and the two experi¬ 
ments thus obtained are graphically recorded in Figure 2. Turbidity 
is shown as the ordinate while the abscissa represents the number of 
washings of one liter taken. It will be seen that the turbidities reach 
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about the same maximum value but not necessarily at equal number of 
washings. 

Since it is known that both potassium halide and silver nitrate 
peptize the corresponding silver halide, it was decided to test the re¬ 
versibility of the phenomenon. The mixing experiments were per¬ 
formed exactly as before after which electrical conductivities of the 
wash waters were taken corresponding to definite turbidities. When 



Fig. 3, 

the final wash water showed no turbidity it was not decanted but suc¬ 
cessive amounts of silver nitrate in the first experiment and of potas¬ 
sium bromide in the second case were added, the system stirred and the 
coagulum allowed to settle, as before, after each addition. 

The. peptizing effect of silver nitrate is entirely irreversible as 
shown by absence of turbidity on its addition to the thoroughly washed 
silver bromide. Later it was found that potassium nitrate present 
after mixing in the manner described above, has no peptizing and 
probably no coagulating effect on the silver halide. It does not influence 
the action of silver nitrate on the silver bromide. 

•Potassium bromide disperses silver bromide reversibly, as shown 
in Figure 3, in the case of freshly precipitated material. It was found, 
however, that although potassium nitrate has no noticeable effect on 
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this reversible action, it absolutely prevents peptization if added to 
thoroughly washed silver bromide before potassium bromide is added. 

An interesting experiment was now performed in which potas¬ 
sium bromide was added to silver nitrate. In one case potassium 
bromide was left in excess and in a second case silver nitrate was 



Fig. 4.—Curve 1, KBr always in excess; Curve 2, KBr left in excess; Curve 3, 

AgNOa kept in excess. 

kept in excess. Washing was carried out as before. Successive 
amounts of potassium bromide were now added and conductivity and 
turbidity measurements were secured. These experiments together 
with peptizing experiments by potassium bromide in which potassium 
bromide was always in excess during mixing, were plotted on the same 
graph for comparison. Figure 4, 
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Undoubtedly the manner of treating the coalesced material before 
washing is of extreme importance. Attempts to peptize by silver 
nitrate in like manner gave only negative results. 

The effect of gelatin on the appearance of turbidity was but briefly 
studied at this time. Silver halide was prepared as previously by 
keeping silver nitrate in excess throughout during mixing. After 
washing and peptizing to a maximum with potassium bromide, gelatin 



PERCENT 6ELATIN(ASH FREE) 

Fig. S. 


was added and turbidity observations were made. Figure 5 gives in¬ 
creased turbidity with increase of gelatin content. The amount of 
silver bromide in suspension at the highest turbidity observed corre¬ 
sponds to approximately 0.3 normality. ■ Experiments were now carried 
on using exactly the same method of mixing and washing throughcmt, 
i.e., potassium bromide was added to silver nitrate ultimately leaving 
silver nitrate slightly in excess in each case, but adding other common 
or closely related ions after washing in order to study tlieir relative 
peptizing power. Figure 6 shows the resulting data. It is interesting 
to note that potassium chloride disperses equally as well as potassium 
bromide but potassium iodide does not. Ammonium bromide and 
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hydrobromic acid are equal as dispersing agents but fall far short of 
the chloride and bromide of potassium. 

Nitric acid, ammonium hydroxide and potassium hydroxide failed 
to disperse at all and all have a detrimental effect on dispersion by 
potassium bromide when in their presence. The effect of valency of 
the cation of the electrolyte is still to be studied. 

In studying the deflocculating effect of the common ion electrolyte^ 
attention was necessarily drawn to the researches of Lottermoser ® 
on coagulation phenomena with silver iodide as the disperse phase 



and of Jablczyhski on the rate of coagulation of the silver halides. 
Although the two authors do not agree as to the mechanism of coagula¬ 
tion, the experiments of both are valuable. Lottermoser’s data refer 
principally to the point of complete flocculation as a function of com¬ 
position when mixing solutions of silver nitrate and alkaline halide. 
This point he calls the *‘Klarpunkt.” 

Figure 7 gives comparisons of the clearing points of silver halides 
as obtained by us in the case of bromides and chlorides and by Lotter¬ 
moser for the iodides. Perhaps an elucidation of Lottermoser*s “clear¬ 
ing point” is in order to explain the nature of these experiments. If 


•J drakt, Chem., 72, 39-66 (1906); Z. physik, Chem., 62, 284-286, 858-888 (1908); 
Kolloid'Z, iZsigsmondyfestschrift), S6, 280-287 (1926); Z. angew. Chew., 39, 347-866 


soc. ehim., 38, 1892-1426 (1928). Jbid., 35, 1277-1292 (1924). 
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the electrical potential of a silver salt solution be measured with a 
silver electrode as the amount of potassium halide is added a^ curve 
such as shown in Figure 8 will be obtained. The clearing point, as 


lOaCONC- final Ag HALIDE 



Fig. 7. 


indicated by the arrowj appears during titration, by rapid stirring, 
before the point of equivalence. The location of this point depends 
on the concentration of the reacting solutions and approaches the 
equivalent point with decreasing dilution. It lies closer to the equiva¬ 
lent point for exfcess halide than for excess silver nitrate when equal 
concentrations of reacting solutes are employed. The Volhardt method 


u C4 Muller “Die Elektrometrische Maas Analyse,” p. 86 et secj. (Steinkopf,^ Dresden, 
1928)/'It is important to notice in tiiie connection iodide 

witli silver nitrat 
inconstancy, onl: 
reduced by ; 
absent yritb 
.adsorotion ax-^ 
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does not necessarily correspond to the electrometric titration the 
deviation being greater the lower the concentration of bromide. The 
‘'clearing point'" corresponds, as change of state of aggregation, to 
the color changes of indicators in the titration of acids and bases. 
In the latter case, the color change for a given indicator may occur 
well away from the electrochemical equivalence point. The relation 
of Lottermoser’s "clearing point" to the "critical potentials" of the 
systems Ag Hal: water (solution) and Ag Hal: glass, is not known 
with certainty. It was observed that when titrating potassium bromide 
solution with silver nitrate, the capillary effect, i.e., adhesion of AgBr 
to the glass wall, occurred practically at the "clearing point" at all 



concentrations. But on titrations in the reverse order, the capillary 
effect preceded the clearing point, the more the concentration. In any 
case the "clearing point" corresponds only to an arbitrarily determined 
stage in* the process of coagulation, generally of rapid coagulation. One 
may distinguish a threshold of coalescence of colloidal particles ultra- 
microscopically, again a visibility threshold of coalescence as initial 
turbidity, finally a "clearing point" of complete coagulation. Even 
so the process is not terminated absolutely, as is shown by the phe¬ 
nomena of "adsorption reversal" and aging of precipitates.^** 

Lottermoser's explanation of the coagulation, of the silver halides, 
which is substantially Renwick's theory of the grain formation in 
gelatino-silver-halide emulsions, is one of purely electro-adsorption, 
or as termed by Fajans contact-adsorption. An excess of adsorbed 

“ Cf. Muller, loc, cii, 

^ Cf, Freundlich. “Kapillarchemie,” 326 et seq., 342 <1922). 

w Freundlich, “Kapillarchemie,” 622 (1922). 

«Fajans and Becherath, Z. physik. Chem., 97, 478 (1921), 
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positive or negative ion charges the particles and makes them stable. 
When there is excess of neither the anions Cl', Br' or I', the neutral 
particles coagulate to large secondary particles and the colloid precipi¬ 
tates. 

Jablczyiiski objects to this on the ground that it does not suffi¬ 
ciently explain the velocity of increase of turbidity in the presence 



MlltM. KCl, 


of gelatin or other protective colloids. These inhibit flocculation even 
at low concentrations. Jablczynski's method of experiment was to 
rapidly mix in a test tube 5 cc. of a solution of AgNOa with an equal 
volume of KCl, KBr, or KI, and determine the time for a visibility 
mark on the back of the tube to disappear. That is, he measured 
the time for production of a fixed turbidity. The value A^ he took 
as being the reciprocal of the mean velocity of opacification. In pres¬ 
ence of excess of KCl, KBr, KX respectively, results for the three 
corresponding silver salts were obtained shown in the graph reproduced. 

soe. Chim,, 33 <2), 1892 (1928). 
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This type of curve he explains as follows: At first excess of the 
alkaline halide reduces the ionization of the silver salts and their 
solubility, hence at first the velocity diminishes; in the second i>eriod, 
further excess of the soluble haUdes increases the solubility of the 
silver salts by formation of double unstable salts of the type KAgBrg, 
etc. The diffusion from grain to grain (Ostwald ripening) accom¬ 
plishes itself therefore not only by the ions and non-ionized molecules 
of the silver salts, but also by those of the double salts. Hence the 
diffusion velocity increases, and the period diminishes. 

Jablczynski obtains the same type of curve in the presence of 
gelatin. This result, together with the effects of ammonia and of 
increase of temperature in reducing the period he advances , as re¬ 
futing the coagulation theory. As against this, he regards the silver 
halides as forming colloids of the second order, distinguished from the 
sols of the metals, the sulfides, and the oxides, by being more or 
less soluble in water. The formation of precipitates, and the process 
of grain growth for the silver halides is envisaged by Jablczynski 
as entirely a process of recrystallization by solution of the smaller 
giains and growth of larger ones at their expense (Ostwald ripening 
until the larger grains are thrown down. The decisive factor in this 
case is the diffusion of material from the smaller to the larger grains. 

Consider the equation for vapor tension of liquid droplets of 
radius r 

P = Po + 2%: ' I 

Where /^o = vapor tension at plane surface 
g = density of vapor 
G = density of liquid 
a = surface tension of liquid. 

From this 

■ 

Where M = molecular weight of vapor 
R = gas constant 
T = absolute temperature. 

Considering the process of solution as analogous to evaporation, we 
can replace in equation II the vapor pressure by concentration C. 

C=Co^l + ^) III 

Where C := concentration of solution about a grain of radius r 

C/. TrivelU and Sheppard, **The Silver Bromide Grain of Photographic Emulsions,” 
Monograph No. 1 on Theory of Photography, etc., 58 et seq. 
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Co = concentration for plane surface of massive substance 
above plane surface 
A = constant. 

The difference of concentration about two grains of radii Ti and ro 
is then 

To - T-t 

C, — C2 = ACo- -IV 

TiTs 

The mean velocity of increase of turbidity (supposed due to in¬ 
crease in grain sise) is expressed by the amount of substance trans¬ 
ferred by diffusion in the time At 


Where D = coefficient of diffusion 

Z = mean distance between grains 
n = constant. 


This equation expresses some of the facts semi-quantitatively, but 
cannot be regarded as entirely adequate.^® Thus the analogy between 
the solution of small crystals and the evaporation of liquid drops is 
not so close that the same equation can be applied, with certainty. 
The small solid particles are not spheres, but crystals, with different 
faces behaving in a different manner.^® It is doubtful therefore whether 
the radius difference has the specific significance attributed. How¬ 
ever, Jablczynski’s main contention that grain growth with the silver 
halides is chiefly due to recrystallization deserves full consideration. 
Our own observations appear to show that in the precipitation of 
the silver halides, in the absence of gelatin and similar protective col¬ 
loids, two processes are taking place, one involving the adsorption 
and coagulation postulated by Lottermoser, the other the recrystalliza¬ 
tion process. The contention of Jablczynski that the process is entirely 
a matter of recrystallization is contradicted by the evidence of rez^ersible 
flocculation and deflocculation of part of the silver halide precipitates 
in washing (cf. Figures 1 to 4). 

The microscopic appearance of the precipitates is also evidence that 
a process of coagulation has produced secondary and higher order ag¬ 
gregates of loosely adhering primary particles, evidently by the process 
of electrolytic coagulation. (Figure 10.) 

It is precisely the existence of crystal aggregates in the precipitates 
from the silver halides, which are not readily “repeptized’’ to individual 
crystals either chemically or mechanically, which indicates that both 

^Only at high temperatures does crystallization velocity approach a diffusion velocity. 
Ct Marc. Z. physik. Chem., 77, 614 (1911). 

wcy, Trivclli and Sheppai'd, “The Silver Bromide Grain of Photographic Emulsions.” 
Monograph No. 1 on Theory of Photography, etc. 
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processes are operative. Under high power microscopic examination, 
the precipitates of the silver halides show, as soon as the reacting 
concentrations are above a certain value, individual crystals as in 



Fig. 10.—Primary particles, crystals, aggregates and particles of higher order. 

(Diagrammatic.) 


Figure 11. But in addition there appear aggregates illustrated in 
Figure 12. These aggregates are not the ‘‘secondary particles’’ of 
various authors,^® which are composed of primary particles (crystals) 


CRYSTAL/^^GRBSATES CRNfiSTAL A66RE6ArE5 

BEPOI^ TRITURATION AFTER TRITURATION 










250X 

250X 

Fig. 12. 

Fig. 11. 


held together by the electrostatic and hydration forces of the elec¬ 
trical double layers surrounding them, i.e., their electrical double layers 
are in common equilibrium.Such secondary, etc., particles are readily 
disgregated or deflocculated, unless they undergo “aging.” In the case 

Cf, Mecklenburg, Z. anorg. Chem., 64, 368 (1909). 

^ The (hydrated) electrical double layer plays essentially the same part as a protective 
colloid of the protein or carbohydrate type. Its formation and constitution cannot be dia* 
cussed here, but are partly recognized, e.g., Lottermoser’s formulation of the colloid silver 
iodide particle as 




FLOCCULATION OF THE SILVER HALIDES 297 


of the silver halide the “secondary imrticles” pass readily into crystal¬ 
line aggregates, and aggregate crystals, which again are not completely 
stable on prolonged digestion in the presence of excess alkaline halide. 

In the presence of gelatin or similar colloids,^- the coagulation is 
largely inhibited, at least until very much higher concentrations of the 
reactants are employed. The observation of Ren wick does not dis¬ 
agree with this, because in preparing silver bromide emulsion the 
concentrations are necessarily high. The inhibiting effect of such col¬ 
loids on the flocculation of silver iodide has been used by Lotter- 
moser to determine a “silver iodide number,’' analogous to Zsigmondy's 
“gold number.” Hence it may be concluded that the process of coagu¬ 
lation instanced by Renwick plays only a small part in the fonnation 
of the silver bromide grains of photographic emulsions, at least of 
negative emulsions. The grain growth is primarily due to a process 
of recrystallization from solution,in which crystal aggregation plays 
a small part. When Jablczynski states that “Les colloides de second 
ordre coaguicnt nieme en presence du colloide stabilisant, comme ils 
ne perdent pas leurs charges, ils portent leur substance des grains plus 
petits aux plus grands par la solution, la voie de diffusion,” he appears 
to us to be correct in.the main fact, but inexact in the use of the term 
coagulation 


Analogy Between Recrystallization and Coagulation. 

In an important paper Jablczynski followed experimentally the 
increase in optical density with time of precipitating silver halide 
(AgCl, AgBr). He found the relation between the density and the 
time to be linear of the form 


D—Do = KL 


By an application of Rayleigh’s equation for light transmission in 
turbid media he shows this reduces to 

n fio 


or 


Wo 

” ~ 1 + .,A'«o< 

where n is the number of grains at a time t, fh the original number 
per unit volume. He points out that this equation is of the same 


Cf. Lottcrmoser, he, cit. 

** Loc, cit 

“ Cf, Sheppard, lat Colloid Symposium Monograph, loc. cit, 
soc, chim,, 36, 1286 (1924). 

^Jbid. 

^ Measured in a Konig-Marten spectrophotometer for green light. 
"PAii. Mag., 41, 107 (1874): 
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form as that deduced by Smoluchowski for the rapid coagulation 
of colloids of the first order. He considers, however, that the mecha¬ 
nism is cmnpletely different in the two cases. 

We have already discussed the relation of the two processes. It 
appears, however, that kineticdly considered the two processes have 
very considerable similarity. 

In the case of electrolytic coagulation} as considered by Smoluchow¬ 
ski, the theory is based on the probability of collision of (equal sized) 
two particles, all collisions being supposed inelastic. In the case of 
recrystallization, the principal process is probably the collision of two 
particles, viz., a diffusing ion and a crystal particle or nucleus, later 
of a diffusion ion with a crystal presumably larger than a nucleus. 
It might be expected therefore that the recrystallization process would 
follow, at any rate initially, a course representable by Smoluchowski’s 
formula, in its general form 



n Hq 


In some experiments on the recrystallization process by digestion in 
excess of aqueous potassium bromide of rapidly precipitated silver 
bromide, results were obtained in agreement with this. Equivalent 
silver nitrate and potassium bromide solutions were rapidly mixed in 
a special apparatus.®^ The reaction being accomplished in about 40 
seconds for 200 cc. of each solution. 100 cc. of a solution of potas¬ 
sium bromide was added, and the system digested at 60® C. (which 
was also the temperature of precipitation) with constant stirring of 
about 1200 r.p.m. Decreasing speed to 200 r.p.m. was not found 
to affect the results appreciably. The precipitation was carried out 
in .625 per cent of ash free gelatin solution, which on dilution with 
the aqueous potassium bromide made the concentration during diges¬ 
tion .50 per cent. The silver bromide was 0.5 N at mixing (9.4 per 
cent) and 0.4 N during digestion (7.5 per cent). 

Samples were withdrawn at given time intervals, and photomicro¬ 
graphs made from one grain layer.®^ From these, counts of the num¬ 
bers of grains per unit volume were made. 

TABLE II 
Digestion Conditions 


Concentration Ratio of 

No. . ofKBr KBr:AgBr 

1 . .02 AT 2:40 

2 .04 A/* 4:40 

3..06 iV 6:40 


physik. Chem., 92, 129 (1917). 

•«ThJs toUowed in principle Jolibois* apparatus for rapid mixing [Compt, rend., 169 (1), 
96-8 (1919).] C/. also Proc, Roy. S‘oc., 104 A, 874 U9—), and will be described else¬ 

where. 

Made by A. P. H. Trivelll 
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The results are shown in the graph (Figure 13). 

It will be seen that there is a linear relation between the reciprocal 
of the number of grains and the time for a considerable period of 
the digestion process, after which the experimental values fall away 
from the theoretical linear relation. 

It is noteworthy that the deviation becomes marked not when the 
number of grains has decreased to any fraction of the original but 
when a certain time has passed. 

The reason for the falling off of the rate at which grains disappear 
is probably due to approaching exhaustion of the grains small enough 



Fig. 13. 


to have a solubility excess. At the same time, the surfaces of the 
growing crystals are changing, and in particular the fast growing cubic 
surfaces are being eliminated and the slowly growing octahedral sur¬ 
faces left. In this digestion process it may be assumed that coagula¬ 
tion, in the sense of Lottermoser’s work, is practically completely 
absent. 

We may mention that the relation of coagulation and recrystalliza¬ 
tion processes is critically discussed by H. Freundlich ** in his monu¬ 
mental "Kapillarchemie.” He says “it is still a question in what rela¬ 
tion the velocity of growth of coagulated flocks stands to velocity of 
crystallization in the ordinary sense. It may be that germs of the 
crystalline phase must first appear in the flocks, which then grow with 

“Kapillarchemie ” 6ao (1022). 
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their proper crystallization velocity. One would then possibly have 
in the genesis of a crystalline solid precipitate in a solution the follow¬ 
ing chain of processes: 

TABLE III 

Homogeneous ^ Nuclei of ^ Amorphous _^ 

Solution ^ new phase ^ submicrons 

Velocity of nucleation Velocity of formation 
of new phase colloid sol 

Coagulated ^ Coarse Crystal 

^ flocks ^ flocks ^ nuclei ^ 

Velocity of Velocity of Velocity of^ 

coagulation flock growth nucleus formation 

-> Coarse crystals 

Velocity of 

crystallization 

Freundlich adds “It remains uncertain, whether one has the right to 
differentiate between the growth of the flocks (flocculation) and the 
actual crystallization, and whether the same constants have not to be 
considered in both cases/^ In the case of the silver halides, it appears 
to us that the nexus of crystallization and flocculation is somewhat 
different from that suggested by Freundlich. X-ray spectrographic 
examination of the colloid sols and gels of the silver halides shows 
these to be micro-crystalline from their first appearance. The primary 
particles of any flocks in this case are therefore crystalline, and the 
relation of coagulation and crystallization is therefore more probably 
somewhat as follows': 

TABLE IV 


Homogeneous 

solution 


Velocity 
of nucleus 
formation 


Crystal / 
-^nuclei of ^ 


adsorption 
to "h sol 


\ Neutral 
^particle 


Coagulated 

flocks 


phase V ^f ormation 

1 ( / (submicrons) 

\to — sol/ 


(Velocity of adsorption) 

Velocity of 
coagulation 

Crystallization 

f \ t 

process 


(Velocity of crystallization) 


The relation of crystallization and coagulation according to this 
are in a somewhat different order in regard to time. Reversible floccu¬ 
lation depends upon the formation and coalescence of hydrated adsorp¬ 
tion layers at the surface of crystals, corresponding to a temporary 
inhibition of crystal growth. The decoalescence or rupture of the 
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hydrated adsorption layers leads to crystal aggregate formation, other¬ 
wise the flocculation is completely reversible, and as shown by Oden 
and Ohlon*® the number of particles on deflocculation is the same 
as before flocculation. We have in the sedimentation process a 
method of testing the extent to which reversible flocculation and ir¬ 
reversible coagulation, leading over to crystal growth, are present 
respectively. We are making a further study by this method of the 
precipitation of the silver halides. 


Summary. 

1. The relation of coagulation and recrystallization in the grain 
growth of silver halide precipitates is discussed. 

2. Evidence is given that coagulation by electro-adsorption is a 
phase of silver halide precipitation, in agreement with Lottermoser. 
The process is not purely one of recrystallization, as suggested by 
Jablczynski. 

3. The coagulation due to electro-adsorption is inhibited by gelatin. 
The higher the concentration of gelatin the higher the total concen¬ 
tration of reactants at which flocculation is possible. 

4. Electrocoagulation and recrystallization follow at first the same 
law for the diminution of number of particles. 

5. Electrocoagulation and flocculation play only a subordinate role 
in the grain growth of silver bromide emulsions. 

Research Laboratory, Eastman Kodak Company, 

Rochester, N. Y. 

»Z. physik. Chcm., 82, 78 (1913). 

“Oden, KoUoid-Z., 26, 100 (1920). 



PECTIN JELLIES • 

By Miss G. Spencer 

The usual statement in regard to pectin jellies is that we have 
to have a more or less definite relation between sugar, acid and water 
,for a given pectin content in order to get a jelly. With low acid 
and high acid a syrup is said to be formed and also with high and low 
sugar. 

The first step toward a theory for jelly formation seemed to be 
to get a qualitative view of the jelly field. Starting with 1 gram of 
Douglas Pectin per 100 grams of jelly, the sugar-acid ratio was varied. 
The results as obtained in Professor Bancroft’s Laboratory are shown 
qualitatively in the following diagram: 



Fig. 1.—Constant pectin; ordinates are st^ar content. 

From this it appears that there are two jelly fields, one in the acid 
region and one in the alkaline. 

Investigation has been centered on the acid jellies, the edible jellies, 
and most workers have found that when the sugar was increased be¬ 
yond a certain point a syrup or weak jelly resulted. In our experi¬ 
ments we carried the sugar concentration even up to the jwint at 
which crystallization made further addition of sugar impossible. At 
no point was there the slightest tendency toward syrup formation, so 
crystallization and not syrup formation fixes the upper boundary of 
the acid jelly field. 

Jelly failure resulting from high sugar concentration, as reported, 
is the result we believe of hydrolysis. In accord with this it was found 
that the jelly forming properties of a pectin mixture containing the 
so-called “optimum” amount qf sugar can be weakened and finally 
destroyed by boiling. The fact that some workers report weak jellies 
where others report syrups is explained by the higher degree of 
hydrolysis in the syrups than in the weak jdlies. 
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Mixtures high in acid are also said to give syrups or weak jellies. 
In our experiments the acid was increased to several times the acidity 
for which jelly failure had been reported. At no degree of acidity 
was there any tendency toward a weakening of jellies as the acidity 
was increased. Again it can be shown that the formation of syrups 
in mixtures high in acid, as reported, is a result of hydrolysis. Mix¬ 
tures which give firm jellies, even optimum acidity mixtures if suffi¬ 
ciently boiled lose their jelly forming property. At very high acidities, 
decomposition of pectin will take place without heat. This instability 
of pectin and not a limiting acidity for gelation will fix the right hand 
boundary of the acid jelly field. 

These experiments show that the acid jelly field is a continuous one 
above the syrup jelly boundary, and that syrups exist only below the 
boundary. The syrups or weak jellies reported for high acid and sugar 
concentrations are due to the experimental error in hydrolysis. 

We do not know the quantitative value of this boundary line be¬ 
tween the syrup and jelly field because pure pectin has not been pre¬ 
pared and there is no doubt that the salts held by impure pectin 
influence the curve. 

Work on other colloids and some of the work on pectin implies that 
pectin jelly formation might be an isoelectric precipitation. It is 
obvious that both the acid and alkaline fields cannot represent iso¬ 
electric jellies. We have carried out cataphoresis experiments to see 
if the jellies in the acid field are isoelectric. The results of these ex¬ 
periments show that in every case the pectin is positively charged. In 
fact the pectin which we used showed a positive charge at the acidity 
outside of the acid jelly field. Since the isoelectric point is not 
within the acid jelly field the jellies cannot be isoelectric jellies. 

A theory for acid jelly formation then, need not concern itself either 
with the, isoelectric precipitation of pectin or with syrups at high 
acid or sugar above the boundary line. The theory must explain the 
boundary line separating the syrup field from the jelly field. 

As a working hypothesis for a theory of pectin gelation, we are 
assuming that pectin is peptized by water, that acid displaces water 
to some extdnt and that sugar replaces both water and acid to some 
extent. By the partial displacement of water by acid, followed by 
the further displacement of water by sugar, the boundary of the jelly 
region is accounted for because we have decreased sufficiently the 
amount of absorbed water which is the real peptizing agent. 

Thus when acid is low, more sugar is required to form a jelly 
than when acid is high. 

Cornell University, 

Ithaca, N. Y, 



CATAPHORESIS, ELECTRICAL CHARGE, CRITICAL 
POTENTIAL, AND STABILITY OF COLLOIDS 

By H. R. Kruyt, A. C. W. Roodvoets, and P. C, van der Willigen 

Colloid chemistry of today is based entirely on the connection be¬ 
tween-the electrical charge and the stability of the colloidal particles. 
This relation was first discovered by Hardy,^ was confirmed by Burton,- 
and was later made more definite by Powis.® Measurements of the 
electrical surface-charge in connection with the stability of the colloidal 
particles are of the greatest importance and, when combined with 
data on the cataphoresis of colloidal solutions, must give the most needed 
information as to the nature of colloidal solutions. Recently one of us ** 
has shown what difficulties there are in exact measurements of cata¬ 
phoresis and this paper gives chiefly the results of a study of cataphoresis 
in which as far as possible all objections to the technique are avoided. 
We have chosen the arsenious sulfide sol as the one to study, because 
Powis^ obtained results with this very sol which seemed to conflict 
with his theory of the critical potential, while, on the other hand, the 
theory described the behavior of other sols extremely well. Powis 
found that the critical potential, based on cataphoresis experiments 
in presence of potassium chloride did not agree with that which he had 
found with other electrolytes, such as barium chloride, aluminum 
chloride, thorium nitrate, etc. We first attempted to get a better agree¬ 
ment by avoiding, so far as possible, all the errors in the cataphoresis 
technique. From our results it will be seen that we have succeeded in 
getting a better agreement between theory and fact, but the outcome 
is quite different from what we had anticipated. 

Experimental Part. 

We have made our experiments in Burton’s apparatus. The most 
difficult question to answer is what liquid shall be in contact with the 
sol.® The liquid must have the same conductance as the sol, so that 
the fall of potential shall be uniform throughout the whole tube. Also 
it must contain the same electrolyte as occurs in the intermicellar liquid. 

^Z.physih. Chem,, 33, 386 (1900). 

Mag. (6), 11, 425; 12, 472 (1906); 17, 582 (1909). 
phyHk. Chem., 89, 91, 186 (1916). 

* Kruyt, Koltoid’Z., 37, 858 (1926). 

»J. Chem. Soc., 109, 734 (1916). 

• Cf. Mukhen^e, Proc. Roy. Soc.» 103A, 102 (1923). 
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It seemed therefore best to use as the other liquid the ultra-filtrate 
from the sol itself. In this way it was possible to avoid a diffusion 
potential at the surface between the sol and the other liquid, since this 
surface was the one to be watched in the experiment. We have made 
use of membranes of collodion which had been dissolved in alcohol- 
ether and not of collodion which had been dissolved in glacial acetic 
acid, so as to avoid contamination by electrolyte. The membranes were 
precipitated in the new, porous porcelain, filters of Bechhold-Konig,^ 
which have functioned admirably in our experiments. 

We have first proved that we actually get the intermicellar liquid 
in this way and that adsorption by the membrane causes no appreciable 
change. When doing ultra-filtration, the first 200-300 cc. that came 
through were always thrown away. When we speak later of the ultra¬ 
filtrate, we shall always mean the liquid that comes through after the 
first 200-300 cc. 

A solution of two millimols KCl per liter was filtered through a 
membrane made from 1.5 per cent collodion. The solution itself had 
a specific conductance of Kx?, = 2.31 X 10^, and the ultra-filtrate one 
of 2.32 X 10“^- arsenious sulphide sol, to which sufficient potas¬ 
sium chloride was added to give a concentration of 20 millimols per 
liter, had a specific conductance of ifor, = 29.5 X 10^ while the ultra¬ 
filtrate showed 29.2 X The sol itself had a si>ecific conductance 

of about 2 X lO"'^ ohms‘‘^ and was a little better conductor than the 
ultra-filtrate. 

K 2S/sol 2.10 X 10-'^ ultra-filtrate 2.0S X 10“^ 

K 2S/sol 2.10 X 10"^ ultra-filtrate 1.93 X 10”^ 

K 25/sol 2,10 X 10"’* ultra-filtrate 1.79 X 10"^ 

In addition it was established that different ultra-filters—made with 
1, 2, 3 or 4 per cent collodion—^gave ideaitical ultra-filtrates for the sol 
(with and without an added electrolyte). 

We may therefore draw the following conclusions:— 

1. By ultra-filtration we actually get the intermicellar liquid. 

2. The specific conductances of the sol and the ultra-filtrate may 
differ by several per cent in consequence of the conductance of the 
particles in the sol. 

3. If an electrolyte is added to the sol, the difference between the 
conductance of the sol and that of its ultra-filtrate is small. 

By this method of measuring the cataphoresis we always satisfy 
the conditions that the clear liquid is identical with the intennicellar 
liquid and that the resistance is uniform throughout the apparatus. 
This is most nearly true at the higher concentrations of the electrolyte 

^BechhoW and Gutlohn, Z. angew. 37, 494 (1924). 



,306 


COLLOID SYMPOSIUM MONOGRAPH 


but the error is small even with the pure sol or with the lower electrolyte 
concentrations. 


Measurements. 


The solutes used were prepared in the usual manner.® The de¬ 
terminations were always carried out in duplicate and triplicate with 
the cells in parallel. The voltage was read on a voltmeter; as the source 
of current we used the city direct-current circuit at 220 volts with a 
lamp in series. The distance between the electrodes was always 23 cm. 

With the pure sol the intermicellar liquid was placed above the sol; 
in the other determinations the intermicellar liquid was brought to 
the same electrolyte concentration as the sol. One might think that 
one should first add the electrolyte to the sol and then do ultra-filtra¬ 
tion; but actually it makes no difference which one does first. If the 
sol plus 20 millimols potassium chloride per liter is filtered, we find: 
volt 

u = 4.10 p -. If the sol is filtered and potassium chloride is then 

cm. 


added to make a concentration of 20 millimols per liter, we find: 

„ = 4.10k^, 

cm. 


In each run the current was allowed to flow in one direction for 
ten minutes. The circuit was broken and the two levels measured, 
after which the current was allowed to flow for twenty minutes in the 
opposite direction, and then readings were made as before. The divid¬ 
ing surfaces remained sharp even when high concentrations of the 
electrolyte were used. This was undoubtedly due to the absence of 
diffusion. . 

In the following tables the rate of cataphoresis u is given in microns 
(p) per second and per volt potential drop. In Table IV are the 
flocculation values for the sols used. 


TABLE I 
KCl added 


Concentration in Millimols 
per Liter 

0 . 

S. 

10 . 

20 .... 

40. 

55 ... 

66 . 


u u 


Soli 

Sol II 

2.45 

2.43 

3.44 

3.60 

— 

4.06 

4.10 

4.16 

— 

4.23 

4.33 


4.47 



* See Eruyt and van den Spek, Kolloxd’Z,, 25, 1 (1919). Also the determinations of the 
flocculation 'mues were carried out as described. 
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TABLE II 
BaCL added 

u 


Concentration in Millimols per Liter Sol II 

0... 2.43 

1. 1.63 


TABLE III 
K4Fe(CN)e added 

u 

Concentration in Millimols per Liter Sol III 


0. 3.13 

20. 4.76 

60. 5.07 

100. 5.09 

TABLE IV 
Flocculation Values 

Electrolyte Sol I Sol II Sol III 

KCl . 80 77 -- 

K4Fe(CN). _ 130 

Bad, . — 13 — 


Discussion of the Results. 


The cataphoresis measurements are shown graphically in Figure 1. 
From this we see that the curve for barium chloride falls sharply but 
that the curves for potassium chloride and for potassium ferrocyanide 
first rise with increasing concentration and show no sign of falling off. 
We have carried the measurements as far as possible so as to get as 
near to the limiting value as possible, because we expected originally 
that the curves would eventually fall off. This seems not to be the 
case and the results seem at first sight to lead to a conclusion very 
much in conflict with the ix)iiit of view which we outlined at the 
beginning of tliis paper. 

We are always inclin^i^ to assume that the potential of the double 
layer is proportional to the rate of cataphoresivS, in accordance with the 
Helmholtz, formula as modified by Debye. 




63tn 
. ^ u 

HD 


where ^ is the potential, tj the viscosity, H the drop of potential, D 
the dielectric constant, and u the rate of cataphoresis.. Generally we 
assume that the small concentration of electrolyte can have no appre¬ 
ciable effect on t| or on D. 

For two reasons we believe that this assumption is not strictly true. 
We have here to deal with the friction and the dielectric, constant in the 
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electric double layer at the surface of the particles, where the con¬ 
centration becomes a good deal higher owing to the adsorption. Even 
though the viscosity and the dielectric constant do not change ap¬ 
preciably in the dilute solution, it is not certain that the high concentra¬ 
tion in the adsorption film may not have quite an effect. We are also 
not certain that the dielectric constant remains unchanged in dilute 
solutions. Walden® has recently published some experiments which 
show that the addition of a salt to a pure liquid usually causes a lowering 











i 






' 







■ 


































■ 


181 


- ? 

r 




■ 

IB 

t — 




■1 







flBIB 

—— 


^ _ 

IjSSOI 






■ 

■ 

■ 







■ 













11 

Cl a 

















■ 

■ 

■ 


■ 





/O 20 30 60 70 30 90 JOO 


FtG. 1. 


of the dielectric constant, passing through a minimum with increasing 
concentration and then increasing to a value higher than that for the 
pure solvent. Walden found this the regular thing with different 
organic solvents. With water he could only get the first fall. Fiirth 
has carried the curve further and finds that the minimum is reached 
with five millimols potassium chloride after which an increase occurs. 

In the formula as given we certainly cannot consider D as constant 
but we must assume that the curve for w lies for the most part above 
that for ^ (Figure 2). With barium chloride C IslIIs so rapidly that the 
dielectric constant is scarcely changed at all. The dotted line for ^ 

* Walden, Ulrich and Werner, Z. physik, Chem., 116, 261 (1925). 

Z.. 26, 676 (1924). 
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coincides fairly closely with the solid line for u and the agreement will 
undoubtedly be much closer for aluminum chloride and thorium nitrate. 

The surprising result of our experiments and reasoning is first that 
the rate of cataphoresis, when determined under the best conditions, 
does not decrease when a univalent cation is added, u increasing at 
first. Other investigators have found the same thing when multivalent 
anions are present. Powis obtained a fall in the u line for potassium 
chloride and considered the course of the u line to be the same as that 
of the ^ line, so that he found no agreement with his own theory 
of the, critical potential. The recent investigations, which have shown 
the change of the dielectric constant with the concentration, prove that 
the potential falls much more rapidly than had been assumed, and 
proves that we cannot yet calculate ^ in the case of higher concentra¬ 



tion of electrolytes. We also see from these considerations how cautious 
we must be about deciding against the theory of critical potentials on 
the basis of experiments like those described. On the other hand the 
correction due to the change in D is in just the right direction to ac¬ 
count for the lack of agreement which has existed between the calcu¬ 
lated ix)tentials when colloidal solutions are precipitated by multivalent 
and by univalent cations. 

Various other investigators have found these same difficulties 
and have criticized the theory of the critical potential because of this. 
Nevertheless, nobody has put forward a viewpoint which explains the 
colloid-chemical phenomena so well as the theory of Hardy and Powis. 
It is unfortunate that we cannot make a final statement so long as we do 
not yet know the change of the dielectric constant in concentrated salt 
solutions; but that can be determined. From the present measurements 
we cannot say definitely where the maximum is in the potential curve 


“7. Chem. Soc., 109, 784 <1916). 

w Powis, loc. cU.; Freundlich and Zeh, Z. physik. Chi^m,, 114, 66 (1926); Limburg, 
Dissertation, Delft (1924). , , 

M Limburg thinks that the electncal conductance plays as important a part as the charge. 
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for univalent electrolytes. Two of us have recently proved that the 
so-called antagonism of the ions depends on the fact that one of the 
electrolytes shows a maximum. When one considers how satisfactory 
is the agreement which Powis has obtained for the critical potentials 
in the case of multivalent ions, one must admit that the maximum 
concentration in the Case of the antagonistic action is a sure sign of 
the occurrence of a maximum in the potential curve. 

' Conclusions. 

Cataphoresis measurements with Burton’s apparatus have been made 
with an arsenious sulfide sol, using the intermicellar solution as the 
other liquid. ■ The rate of cataphoresis increases with the addition of 
ix)tassium chloride in all concentrations up nearly to the flocculation 
point. On the basis of recent investigations on the dielectric constant 
it is recognized that there actually is a fall of potential on adding an 
electrolyte, and that the rate of cataphoresis tt does not necessarily vary 
in the same sense as the fall of potential Since the critical potential 
does not depend on a definite u value but on the value of u/D, there 
is no justification for rejecting the theory of critical potentials. 

van’t Hoff Laboratory, 

Utrecht, Holland. 


Kruyt and van der Willigen, Versl. Kon. ^kad. Wet. Amsterdam, 34, 1240 (1926). 



THE DE-INKING OF PAPER 


By T. R. Briggs and F. H. Rhodes 
Introduction. 

The de-inking^ of printed paper is a problem in detergent action 
and as such it is of interest to colloid chemists. Being an important 
step in the commercial recovery of used paper, it has given rise to a 
large number of patents—some more than forty years old—but so 
far as tlie present authors are aware, no quantitative laboratory in¬ 
vestigation of de-inking has yet been published. The problem has 
accordingly been taken up in the Cornell Laboratory and the pres¬ 
ent paper is a report on the results which have been obtained up to 
the present time. The problem has been considered so far entirely 
from the point of view of detergent action and little effort has been 
made to guide the investigation along the lines of technical practice. 

In de-inking paper the ink is dislodged from the cellulose or other 
fibers and is brought into suspension in a liquid medium, with which 
or from which it may be removed. The first stage of the process 
is one of dispersion, and, since the printed paper is a more or less 
solid complex of pigment, oil, size, and fiber, a suitable mechanical 
treatment (pulping) in the presence of a peptizing agent (detergent) 
will be necessary. In general, the peptizing agent may be an ion 
or a colloid in solution; the most effective detergent is a substance or 
a combination of substances which is able not only to peptize the carbon- 
black (or other pigment) of the ink, but also to emulsify, dissolve, 
or otherwise attack the oily vehicle of the ink and to aid in the dis¬ 
integration of the paper. When brought into suspension, the carbon- 
black may be removed with the liquid dispersion medium by washing 
the latter out of the pulp, or it may be allowed to pass into a second 
liquid, such as an oil, which wets carbon preferentially, or it may be 
adsorbed at a liquid-liquid or liquid-vapor interface and be removed by 
flotation. All of these methods have been tried in practice. 

A large number of detergents have been recommended for de- 
inking. Alkaline res^ents form an important group, especially sodium 
hydroxide, sodium carbonate, sodium silicate, and borax. The hy- 

^BaskerviUe and Joyce, J. Ind, Eng. Chem., 18, 214 (1921); Baskerville and Stevenson, 
ibid., 13, 218 (1921); Joyce, Met. Chem. Em., 26, 242 (1921); Haao, Chem. Zig., 45, 
1187 (1921); Wells, Paper, SO, 7 (1922); faync. Met Chem. Eng., 29, 1176 (1928); 
Berl and Pfannmuller, Z. angew. Chem., 89, 887 (1926). 

3U 
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droxyl ions presumably peptize the ink by adsorption and they may 
also attack the vehicle of the ink if the latter contains saponifiable 
oils, forming soaps which are themselves active de-inking agents. Col¬ 
loidal detergents which have been recommended include the soaps, 
together with other materials, such as those contained in spent sul¬ 
fite liquor, extract of sea-weed, or in the products of enzyme action. 
Finely divided solids have also been employed in de-inking, par¬ 
ticularly silica, alumina, fullers’ earth, bentonite, whiting, and calcium 
silicate. Oils such as turpentine, kerosene, or pine-oil, have been 
used in discharging the adsorbed ink from the fibers and in collect¬ 
ing the ink in the pulp. Scum flotation and froth flotation have been 
recommended as a means of separating the ink from the pulp in an 
effort to render washing the pulp unnecessary. 

The present investigation had as its immediate object a comparative 
study of a number of typical detergent substances, in order that some 
infonnation might be gained as to their effectiveness in de-inking paper. 
It was necessary therefore to develop a technique by which de-inking 
could be carried out conveniently in the laboratory and determined 
quantitatively. The procedure that was finally adopted is described 
below. 

Procedure. 

Ordinary newsprint, made available through the cooperation of the 
Ithaca Journal-Ne^s, was employed throughout this investigation. 
For the purpose of obtaining uniformly representative samples of 
printed paper in the various experiments, a large supply of a single 
issue of the above publication was tom into small pieces and the whole 
was thoroughly mixed. A quantity of the unprinted stock used in 
the above issue was prepared in the same way. 

In general the procedure was simple. 'A weighed portion of printed 
paper was disintegrated (pulped) in a solution containing the de- 
inking agent. The paper was then recovered in the form of a cake 
of wet pulp and the latter was washed free of detergent and peptized 
ink. Sheets of paper were next prepared, dided, and pressed flat,; 
the whiteness® of these sheets was finally determined by means of a 
Taylor ‘‘reflectometer.” ^ From the whiteness, in turn, the amount 
of de-inking accomplished by the detergent could be ascertained 
quantitatively and thus expressed as a definite number. 

Pulping was carried out in a square glass jar (12 cm. on each 
side, 24 cm. high) or in a rectangular lead vessel (11 cm. on each 

* “Whiteness,"' ss the term is used in this paper, is defined as the ratio between the 
intensity of the light reflected by the paper and the intensity of the light incident upon the 
paper.. The reflection may be diffuse or specular. “Brightness"’ is a more exact but a less 
convenient term. 

* Cf, Taylor, Scientific Papers U. S. Bur. Standards, 406 (1920): Rhodes and Fonda, 
Ind, Eng, Chem,, 18, 180 (1926). 
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side, 30 cm. high). Both containers gave the same results; the use 
of lead caused no appreciable discoloration of the pulp. The paper 
was pulped with a horizontally rotating brass paddle mounted on a 
vertical steel shaft. The speed was about 1300 R.P.M, 

Thirty to forty minutes of pulping gave a well disintegrated pulp 
from which uniform sheets of paper could be made. In every case 
pulping was begun at the temperature of the laboratory, but when 
the pulp was thick (50 grams paper per liter) the temperature rose 
10 to 15 degrees during the process. 

A special paper-making box was used in forming the sheets of 
paper. This consisted of a rectangular box of brass (16.8 cm. long, 
10.5 cm. wide, and 6.5 cm. high) open at the top and fitted with a 
rectangular brass collar (of the same dimensions as the box), which 
however formed a separate and readily detachable part of the whole. 
Box and collar were held together by wing screws extending through 
a wide flange at the bottom of the collar and a mated flange at the 
top of the box, with a rubber gasket between to make a water¬ 
tight connection. A sheet of brass Fourdrinier screen supported on a 
perforated plate rested on the flange of the lower box and was held 
firmly in place hy the gasket. The box was fitted with an outlet 
tube near the bottom, the whole apparatus forming a demountable 
suction-box, when assembled. 

In making a sheet of paper, water was run into the box and up 
into the collar until the screen was just submerged. Two hundred 
cc. of 1 per cent pulp was then poured into the collar, and, after 
the pulp had been distributed evenly, the water was allowed to drain 
slowly from the whole apparatus. A loose felt of paper was deposited 
on the screen; this was drained thoroughly by suction. 

The collar was then unscrewed and the screen carrying the wet 
Ijaper was removed to a piece of blotting paper. A second Four¬ 
drinier screen was placed upon the upi)er surface of the felt, after 
which the two screens carrying between them the wet pai^r were 
pressed between sheets of blotting ixiper. The smooth compact felt 
was then stripped from the screens and dried at 60®. The dried sheets 
were finally pressed flat in a letter-press. 

The unsized and uncalendered sheets so prepared were much looser 
in texture than ordinary newsprint. The sheets were extremely uni¬ 
form, however, in thickness, texture, and character of the surface 
and each was flat and free from wrinkles. 

The sheets of paper now being ready, the next step was to measure 
their whiteness with the Taylor reflectometer. This apparatus is an 
integrating photometer by means of which one may measure the 
intensity of the light incident upon the test paper and also the in¬ 
tensity of the light reflected, thei ratio of these two intensities being 
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the whiteness of the paper, in accordance with the definition formu¬ 
lated in an earlier paragraph. 

The reflectometer is shown in Figure 1. A hollow sphere of 
spun copper, 12.7 cm. in diameter, was provided with three openings, 
A, B, and C, as shown. To one opening A, was fitted a lighting 
tube which could be rotated so as to direct a beam of parallel light 
either upon the inside of the sphere or upon the surface of the 
test paper placed below the opening B. The lighting tube carried a 
tungsten lamp (light source) together with.a set of lenses and dia¬ 
phragms. The telescope of a Macbeth illuminometer was attached 
to the opening C for the purpose of measuring the intensity of illumina¬ 



tion inside the sphere. A baffle plate was mounted inside the sphere 
as shown, so that light falling upon the pai^er could not be reflected 
directly into the telescope of the illuminometer. The baffle and the 
entire inner surface of the sphere were covered with a white photometer 
paint. 

In determining whiteness the lighting tube was placed in a definite 
position (indicated by a stop-mark) so as to direct the beam of light 
upon the inner surface of the sphere (Position 1, Figure 1). The 
intensity of illumination inside the sphere was then measured. The 
lighting tube was next turned through an angle of 180® (indicated 
by a second stop-mark) so as to direct the beam upon the surface 
of the paper below B (position 2). The intensity of illumination 
was again measured. The last measurement divided by the first gave 
the whiteness of the paper. 
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In determining whiteness with the apparatus the only precaution 
necessary was to see that the current in the light-source and in the 
working-standard lamp of the illuminometer remained constant during 
the short time needed to make the two readings. Ordinarily, little 
difficulty was met with in this regard. At least five check determina¬ 
tions were made on each sheet of paper and the mean of these was 
taken. Under these conditions the average deviation from the mean 
was found to be about ± 0.005 for the individual determinations. 


The Determination of the Amount of De-Inking. 

The whiteness of the paper resulting from a given process of de- 
inking is of course a measure of the practical effectiveness of the proc¬ 
ess. Since the whiteness of the paper must be related in some way 
to the amount of ink retained by the paper after the process of pulp¬ 
ing, it should be possible to determine quantitatively the extent of 
de-inking from the measurements of whiteness. Accordingly the 
following method was adopted. 

Known mixtures of printed and unprinted paper were pulped as 
described, without any removal of ink or any discoloration of the 
paper fibers. Sheets of paper were prepared from these mixtures 
and their whiteness measured. A graded series of **de-inking stand¬ 
ards” was thus obtained, which enabled the relation between white¬ 
ness and relative ink content to be found, and to be represented 
graphically by means of a curve (Cf. Figure 2). 

It was not possible to use distilled water in pulping these mix¬ 
tures for the reason that a surprisingly large amount of ink was re¬ 
moved in this way (Cf. Table II). It was found, however, that 
dilute solutions of acids or neutral salts could be employed in pulp¬ 
ing, without a trace of ink being lost in the pulping liquid* Accord¬ 
ingly 50 grams of each mixture of printed and unprinted paper was 
pulped for 40 minutes in one liter of 0.02 N aluminum chloride and 
sheets were prepared as described. The whiteness of these standards 
is given in Part A of Table 1. 

At a later date a second series of standards was made from a 
different supply of paper as follows. Two 50 gram portions, one 
of printed, the other of unprinted paper were, pulped in 0.1 iV sodium 
chloride. Several different mixtures of printed and unprinted paper 
were prepared from these by combining them in the proper amounts, 
and these mixtures after being repulped in salt solution were made 
into sheets. The whiteness is recorded in Part B of Table L 
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TABLE I 

Whiteness of De-Inking Standards 


Part A—Mixtures pulped in 0.02 N 

AlCl. or 0.02 N NaCl. 


Unprinted Paper 

Whiteness 

Unprintecl Paper 

Whiteness 

Per Cent 


Per Cent 


0 . 

0.56, 

SO 

0.64o 

10 . 

0.58, 

60 

0.65. 

20 . 

0.59. 

70 

0.67. 

30. 

O. 6 O 5 

80 

O. 7 I 0 

40. 

0 . 61 b 

90 

0.75, 

50. 

0.64o 

100 

O. 8 O 0 

Part B—Mixtures pulped 

in 0.1 .V NaCl. 


Unprinted Paper 

Whiteness 

Unprinted Paper 

Whiteness 

Per Cent 


Per Cent 


0 . 

0.56, 

75 

O. 7 O 0 

25. 

O. 6 O 0 

100 

0.785 

50... 

0.63o 

100 * 

0.78-43.80 


* Refers to imprinted sheet of lihaca JottrnaUNews, ttnptilped. 


Witli these data a curve was constructed (Figure 2) between 
whiteness as ordinates and i>er cent unprinted paper as abscissae. 
This curve is not a straight line. If we assume that the reflectometer 
gave correct values of whiteness, we are forced to conclude that 
whiteness and ink-content are not inversely proportional, though one 
might expect them to be so at first sight. Apixirently the mixtures 
containing a small amount of printed paper are darker than their 
carbon-content would appear to require: which leads to the conclusion 
that the tinting strength of a small quantity of ink is relatively greater 
than that of a larger amount. This increased tinting strength may 
be due to a more complete distribution of carbon l)lack, in smaller 
individual particles, over the paper fillers, and may be an illusti'ation 
of the principle that tinting strength is dependent upon both the 
particle-size of the tinting pigment and the distribution factor.** 

By using in the experiments on de-inking the same supply of printed 
paper that was utilized in preparing the standards, it was possible 
to read directly from the whiteness curve under discussion the pet 
cent de-inking accomplished in the experiment, since de-inking may 
be expressed conveniently in terms of per cent conversion of printed 
paper into ink-free pulp (unprinted paper). This is true of course 
only when the sole action of the detergent is the removal of ink. If 
the fibers are bleached or discolored, or if the tinting strength of the 
retained ink is different from that in the standards employed in 
obtaining the curve, the values of de-inking read from the latter may 

*Cf. Briggs, J. Phys, Chem., S2, 216 (1918). 
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be in error. As some uncertainty is at present inherent in the method, 
the values got from the curve will be termed in what follows the 
apparent de-inking. 



Comparison of Various De-Inking Agents, 

Experiments were now carried out to compare a number of sub¬ 
stances as to their effectiveness in de-inking. The experimental con¬ 
ditions were kept as nearly as ix)ssible alike throughout the series, 
but no special effort was made to ascertain the best conditions of 
operation or to reproduce those used in practice. 

Fifty grains of printed imper was pulped for 30 minutes in one 
liter of a solution containing the detergent, the glass container being 
used throughout. The pulp was filterecl with suction to remove most 
of the liquid containing the detergent and the peptized ink, and the 
cake of pulp was stirred into a liter of distilled water. This was 
again filtered. Washing and filtering were repeated at least four times, 
or until the filtrate became clear and free from suspended ink. The 
pulp was then made into sheets of paper (in dilute salt solution, to 
prevent the possible loss of ink in the paper-making box). The data 
on whiteness and apparent de-inking appear in Table 11. 



318 


COLLOID SYMPOSIUM MONOGRAPH 


TABLE II 

Comparison of Detergents 


50 grams of printed paper pulped 30-40 minutes in 1 liter of solution. 

Pulp washed. 


Pulping Solution 

Concentration 

White¬ 

ness 

Apparent 
De-Inking 
(Per Cent) 

Sodium oleate .... 

5 grams per liter 

0.79, 

100 

Fullers’ earth in 0.02 N 
NaOH . 

10 grams per liter 

0.76. 

95 

Sodium silicate “0” Brand 

0.1 N 

0.72. 

84 

Sodium resinate . 

5 grams per liter 

0.71t 

83 

Sodium hydroxide . 

0.1 N 

0.71, 

82 

Sodium hydroxide . 

0.02 N 

0.70o 

78 

Borax . 

0.1 N 

0.69, 

75 

Gelatin in 0.02 N NaOH.. 

10 grams per liter 

0.68a 

71 

Sodium hydroxide (70®- 

0.02 N 

0.68o 

70 

Sodium carbonate . 

0.1 N 

0.678 

69 

Gum arabic . 

10 grams per liter 

0.668 

65 

Gelatin . 

10 grams per liter 

0.644 

55 

Sucrose . 

0.1 N 

0.628 

46 

Distilled water . 


0.608 

30 

Egg albumen . 

10 grams per liter 

0.59t 

26 

Sodium chloride . 

0.01 N 

0.S6t 

0 

Calcium chloride . 

0.01 N 

0.56o 

0 

Aluminum chloride . 

0.01 N 

0.56o 

0 

Calcium hydroxide . 

(saturated) 

0.55« 

0 


The data of Table II allow several interesting conclusions to be 
drawn. Among the de-inking agents studied, sodium oleate is out¬ 
standing—^which is what one might expect in view of the known de¬ 
tergent activity of the soaps. Sodium resinate is good, but not so 
effective as the oleate; free rosin appears to be adsorbed by the 
fibers, giving a slightly sticky feel to the pulp. The other colloids 
are decidedly less active—even so good a protective colloid as gelatine 
is comparatively a poor de-inking agent. Gum arabic appears to be 
fair, but it is not outstanding, although it is known to peptize carbon- 
black and is much used as an emulsifying agent. Egg albumen ap¬ 
pears to be a slight anti-detergent, since less ink was removed by a 
one per cent solution than was removed by distilled water alone. The 
albumen appeared to be coagulated completely and adsorbed by the 
paper, since the heavy foaming that was first observed during pulping 
later disappeared entirely. The albumen apparently acted somewhat 
as a mordant does in dyeing, aiding in fixing the ink on the fibers. 

A surprisingly large fraction of the ink is removed by distilled 
water. Tap water was tried also with about the same result. Any¬ 
thing which, on addition to water gives a whiter paper than water 
alone does, may be termed a detergent or de-inking agent, provided 
of course the substance has no true bleaching action on the fibers. 




















THE DELINKING OF PAPER 


319 


On the other hand anything which opposes the de-inking action of 
water, and does not discolor the fibers, may be called an anti-detergent. 
The neutral salts—and the same is true of strong acids and the soluble 
alkaline earth metal bases—are evidently extremely powerful anti¬ 
detergents in de-inking. The non-ionized solutes such as sucrose appear 
to be more or less inert. 

Sodium hydroxide, and the sodium salts of weak acids which are 
hydrolyzed in water, are effective de-inking agents. They do not 
appear to peptize much ink directly, as soap does, but seem to loosen 
the ink so that it is washed readily out of the pulp in the subsequent 
treatment. Thus, after pulping with sodium oleate the pulping liquid 
obtained on filtering was black with suspended ink, while with the 
alkaline de-inking agents an amber-colored pulping liquid was ob¬ 
tained which did not appear to carry much ink in suspension, but 
ink was apparently eliminated gradually during the subsequent wash¬ 
ing of the pulp. It seems likely that the method of washing out the 
loosened ink from the pulped fibers is of primary importance in the 
case of the alkaline detergents. This point should be investigated 
further. 

With the soaps the ink is loosened from the fibers and carried into 
a stable suspension of very fine particles, so removal from the pulp 
is easy. With sodium hydroxide, however, a stable suspension of fine 
ink particles is not formed and some method of collecting the partly 
peptized or loosened ink is needed. At first sight the addition of 
gelatine to the base might be expected to stabilize the suspension. 
The experiment was tried but failed, as the data of the table indicate. 
Florida fullers’ earth, on the other hand, produced the desired effect, 
acting as a collecting agent. It is believed that the fullers’ earth 
adsorbed the ink and this complex in turn was peptized readily by 
sodium hydroxide. Indeed the combination of fullers’ earth and alkali 
was almost as effective as soap.® 

The alkaline detergents, however, have the disadvantage of discolor¬ 
ing the pulp in the case of mechanical wood-pulp, turning the latter 
somewhat yellow. This effect increases with the concentration of the 
free alkali. This discoloration causes the values of whiteness to be 
too low, as measured in the reflectometer. It was found, however, that 
the yellow color could be discharged by acidifying the pulp with a few 
drops of concentrated hydrochloric acid, the latter being added just 
before the preparation of the sheets of paper for the measurement of 
whiteness. 

In one particular experiment with 0.1 iV sodium hydroxide the white¬ 
ness of the paper before treatment with acid was 0.694, after the treat¬ 
ment with acid this rose to 0.7U. Some yellowing was also observed 

• In this connection cf. Baskerville and Stevenson, he. eit., J. Ini. Eng. Cketn., IS, 818 
a»ai); Wells, Paper. SO, 7 a982>. 
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with sodium silicate, sodium carbonate and borax. In obtaining the 
data given in Table II for the alkaline detergents, the yellow discolora¬ 
tion was removed in every case by the addition of dilute hydrochloric 
acid to the pulp after washing. 

In one experiment the paper was pulped in a hot solution of sodium 
hydroxide instead of a cold one (Cf. Table II). No improvement in 
de-inking was noted—if anything, a decreased detergent effect resulted.*^ 

The quantity of neutral salt necessary to prevent any removal of 
ink on pulping was found to be very small. A perfectly clear pulping 
liquid was obtained with 0.001 N solutions of AlClg, CaClo or MgClo, 
With 0.001 N NaCl the pulping liquid was slightly dark with suspended 
ink, this was decidedly the case with 0.01 N sodium citrate. The anti¬ 
detergent action of,the salts appears to follow the order: AlClg, CaClo, 
MgClo>NaCl>Na Citrate. Hydrochloric and sulfuric acids in dilute 
solution showed a similar anti-detergent action, but citric acid did not. 
Apparently adsorbed cations oppose de-inking while adsorbed anions 
favor it. 

The de-inking obtained with sodium oleate solutions of different 
concentrations was next investigated, the procedure of the previous 
experiments being employed. The data follow (Table III). 

TABLE III 

De-In KING with Sodium Oleate 
Grams Sodium Oleate Whiteness Apparent De-Inking 


per Liter (Per Cent) 

0. 0.60b 32 

1. 0.68b 73 

5. 0.79b 100 

10. 0.80* 100 

20. 0,7% 100 

SO . 0.79o 99 

100 . 0.77® 97 


There is apparently no particular intermediate concentration of 
soap giving a pronounced maximum de-inkirig effect, though , a slight 
optimum seems to exist at a concentration of about 10 grams |>er liter. 
Such a point of optimum de-inking might be expected in view of the 
results of McBain, Harborne and King’' and of Fall,® who found a 
decided concentration-optimum in the peptizing power of soap. 

A similar series of experiments was carried out with sodium 
hydroxide.’ In this series, however, a more dilute pulp was employed, 

*A similar decrease in the detergent action of soaps with rise of temperature has been 
observed by McBain and confirmed by Fall in this laboratory. Cf, McBain, Harbome and 
King, J. Pkys, Chem., 28, 1 (X924); Fall, Cornell Univ. Thesis, ^‘The Detergent Action of 
Soaps.»» lei (1926), 

^Loc, dt,, J, Phys, Chem,, 28, 1 (1924). 

® Fall, he, ciK p. 147. 
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10 grams of printed paper being pulped in 900 cc. of the detergent 
solution. Since it was found that de-inking is generally more com¬ 
plete in a dilute pulp than in a concentrated one, the results obtained in 
the present series are not comparable directly with those appearing in 
Tables II and III, 

After pulping for 30 minutes, the pulp was diluted to one liter and 
two sheets of paper were made directly from this pulp, without sub¬ 
mitting. the latter to the usual process of washing. The remaining pulp 
was then filtered, washed, squeezed, and repulped in enough water to 
restore the pulp to its original composition (10 grams per liter), after 
which sheets of paper were prepared as before. In this series of experi¬ 
ments no hydrochloric acid was added to remove the yellow color, so 
that the whiteness data represent the results got with sodium hydroxide 
alone and do not necessarily measure the actual de-inking accomplished. 
The data follow (Table IV). 


NaOH 

0,5 N 
0.5 N 

0.1 M 
0.1 N 

0.02 N 
0.02 N 

0.01 N 
0,01 N 

It appears from these experiments that the greatest whiteness is 
obtained when the sodium hydroxide lies approximately within the 
limits of 0.1 and 0.02 normal This conclusion is an interesting con¬ 
firmation of the statement by Berl and Pfannmuller ® who recommend 
in de-inking N/20, to, N/60 solutions of sodium hydroxide,, together 
with tetralin to collect the ink. , It is also evident that the yellow dis¬ 
coloration of the fibers becomes excessive as the concentration exceeds 
the upper of these two limits. 

In Table IV it is apparent that the limiting minimum concentration 
of soditim hydroxide lies between 0.02 and 0*01 normal With a larger 
ahiotmt of paper—50 grams instead of 10 grams—the limiting minimum 

» tbc, dt, Z, Chem,t S9, 887 (1926X 


TABLE IV 

De-In KING with Sodium Hydroxide 

10 grams printed paper pulped in 900 cc. for 30 minutes. 

Whiteness 


Sheets Prepared 

Color 

Top 

Bottom 

From original pulp 

Yellowish 

0.67. 

0.59a . 

After repulping in HaO 


0.62, 

0.592 

From original pulp 

Slightly 

yellowish 

0.74, 

0.70, 

After repulping in HaO 

Slightly 

yellowish 

0.74, 

0:74 

From original pulp 

Almost no 
yellow 

0.78, 

0.72o 

After repulping in HaO 

Almost no 
yellow 

0.75, 

0.74 

From original pulp 

No yellow 

0.69, 

0.66* 

After repulping in HaO 

it it 

0.67, 

0.67o 
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concentration was found to lie between 0.04 and 0.02 normal. This 
difference is apparently the result of adsorption Of sodium hydroxide 
by the fibers of the pulp, for the actual concentration of base in the 
pulping solution is the factor which really determines the whiteness 
of the pulp. The amount of sodium hydroxide adsorbed by the paper 
was therefore determined (Table V). 

TABLE V 

Adsorption of NaOH During Pulping 

Paper pulped 30 minutes in 1 liter of solution. 

Original Final 

Concentration Concentration 

of Pulping of Pulping 

Solution. Solution. 

Grams of Paper Moles NaOH Moles NaOH Moles NaOH 


Pulped per Liter per Liter Adsorbed 

10. 0.1000 0.0956 0.0044 

50 . 0.1005 0.0806 0.0199 

50. 0.0400 0.0252 0:0148 

50. 0.0295 0.0185 0.0110 

10. 0.0199 0.0113 0.0025 

50. 0.0199 0.0174 0.0086 


The data of Table V show that the limiting minimum concentration 
of sodium hydroxide for effective de-inking is approximately 0.02 
normal, both for the concentrated and the dilute pulp, provided the 
concentration of the solution actually in equilibrium with the fibers is 
referred to. 

Some unusually interesting relations were discovered on studying 
different methods of carrying out the treatment with sodium hydroxide, 
in which the order of adding the alkali was varied. Runs were made 
as follows: 50 grams of paper was pulped for 30 minutes with 0.02 N 
NaOH as usual. Next a second run was made, the paper being pulped 
for 30 minutes in distilled water before adding the alkali. The alkali 
was then added directly to the water and the whole was pulped 30 
minutes longer. A . third run like the last was also made, with the 
difference that the paper was filtered off, washed, and dried after pulp¬ 
ing in water; the dried pulp was then repulped in sodium hydroxide 
for 30 minutes as usual. The results appear in Table VI, several check 
runs being included. 

Pulping the paper in water, before the addition of the detergent 
(NaOH) has evidently a powerful retarding action upon de-inking. 
It appears to render the alkali almost inactive. This peculiar effect is 
probably caused by a redistribution of the ink on the fibers, taking place 
during the preliminary disintegration in water, and tending to increase 
the adherence of the carbon-black to the fibers, so that de-inking is 
made exceedingly- difficult This explanation is plausible and is in 
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TABLE VI 

De-Inking with NaOH— Effect of Previous Pulping in Water 


(50 grams paper in one liter, 0.02 N 
NaOH, pulp acidified with HCl 
before making sheets) 

a* 

Whiteness 

bt 

c t 

Apparent 

De-Inking 

a* bt ct 

(1) Pulped directly with NaOH, 
30 min. 

0.71, 

070o 

O. 7 O 0 

82 77 

77 

(2) Pulped 30 min. in HaO, then 30 
min. in NaOH. 

0.63, 

0.62. 

0.63, 

SO 42 

50 

(3) Pulped 30 min. in HtiO, pulp 
dried, then repulped 30 min. 
in NaOH . 

0.62o 



41 — 


(4) Pulped 30 min. in HaO, no 
NaOH . 

0.60, 

O. 6 O 3 

O. 6 O 4 

32 30 

31 

(5) No. 1 (b) above, repulped 30 
min. in HaO after washing 
out NaOH . 


0.69t 


- 76 


* Pulped in lead jar. t Pulped in glass jar. 

accord with the observations of Baskerville and Joyce,who 

have 


pointed out that excessive pulping imbeds the ink into the fibers in 
such a way as to render its subsequent removal impossible, and who 
accordingly recommend the mildest possible treatment of the paper in 
practice. 

With sodium oleate the anti-detergent effect of previous pulping was 
similar, but less pronounced. Direct pulping in 0.5 per cent soap solu¬ 
tion gave a whiteness of 0.796 corresponding to complete de-inking. 
Following previous pulping in water, the same solution gave 0.745 or 
91 per cent de-inking. 

The following experiment was performed to determine whether or 
not the ink left in the paper after a previous treatment with alkali could 
be taken out by a second treatment with the same detergent. Fifty 
grams of paper was pulped in 900 cc. of 0.03 N NaOH. The whiteness 
of the sheets (not bleached with HCl) was 0.69o. The remainder of 
the pulp was squeezed dry and then re-pulped in 1000 cc. of alkali 
solution of the same concentration as the filtrate from the original pulp¬ 
ing. Since the whiteness of the paper resulting from the second, treat¬ 
ment was found to be 0.683, it is evident that none of the retained ink 
was taken out. 

Special experiments were carried out with a number of the other 
detergents. In a series with sodium carbonate 10 grams of paper was 
pulped with 900 cc. of the solution for .30 minutes. The pulp was 
washed and then repulped in dilute salt solution before preparing the 
sheets of paper. , 0.2, 0.1, and 0.02 normal solutions gave 0.67e, 0.688, 
and O.7O0 respectively, as the values of whiteness, a slight yellow dis- 

«toc. cit., L Ifkd. Eng, Chem,, 13, 214 (1921); Joyce, Met. Chem. Eng., 25, 242 (1921) 

« Performed by Mr, A. S. Jarecki, ^ part of his Senior research. 
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coloration of the fibers occurring only with the most concentrated solu¬ 
tion. When ammonium hydroxide was tried as de-inking agent, with 
1.0, 0.1 and 0.02 normal solutions, the results were 0.51c, 0.58o, and 
0.657 respectively. With the strong solution of ammonium hydroxide the 
discoloration of the fibers is evidently quite extreme, for the paper was 
much less white than was paper pulped in salt solution, in which the 
ink is completely retained (compare 0.51e with O.S67, the value for 
0.02 N NaCI, given in Table II). Trisodium phosphate was found to be 
about as effective a de-inking agent as sodium hydroxide, which is 
quite as one would expect it to be. 

A careful study of different kinds of ^‘sodium silicate” was also 
made, for the purpose of finding out whether the presence of excess 
silica has any special effect on de-inking. Three brands of silicate of 
soda were supplied by the Philadelphia Quartz Co., marked “S,” “O,” 
and “C,” in which the SiOo: NaaO ratios were 3.89, and 3.23 and 2.00 
respectively, as determined by analysis. Ten grams of printed paper was 
pulped for 30 minutes as usual, the pulp was washed, and sheets were 
made. The results appear in Table \"II. 


TABLE VII 

De-In KING with Sodium Silicate 

10 grams paper pulped 30 minutes. Pulp -washed in water. 

Concentration--Whiteness — 

Equivalents Na»0 “S" Brand , ‘‘O” Brand Brand 

per Liter SiOa: NaiO=3.89 SiOa: NaaO=323 SiOa: NaaO=2.0 

0J2. 0.695 — 0.63o 

0.1. 0.73o 0.72s 0.70a 

0.05. 0.71* 0.71a — 

0.02. 0.69o 0.e9o 0.69, 


The de-inking accomplished by the “S” brand, in which the silica 
ratio is the highest, may possibly be the best, but the advantage, if 
real, is very slight. Apparently the excess of silica, present as a sol 
in the pulping solution is unable to exert to a marked degree any 
intrinsic detergent action.^^ Sodium silicate is a good de-inking agent, 
but there is no evidence that it is superior tp sodium hydroxide. 

A number of other possible de-inking agents have also been investi¬ 
gated in the course of this work, but as the procedure was not controlled 
with the necessary precision, the data have not been included in the 
various tables. Among the colloids, sodium protalbinate and lysal- 
binate, sodium caseinate, saponin, and a solution of licorice extract were 
found relatively ineffective. The same is true of a saturated solution 
of amyk alcohol. 

** C/i Fall, foe. PW 171. 
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A Quantitative Method of Measuring Detergent Action 

Many methods,^® mostly qualitative and indirect, have been proposed 
for the measurement of detergent action. The best of these is probably 
the method developed by McBaiii and his co-workers and improved 
by Fall in this laboratory. Fall ascertained how much finely-divided 
manganese dioxide (specially prepared by grinding in a colloid-mill) 
could be kept in suspension for a definite time by the various detergents, 
using a particular experimental procedure. This gave him a ‘"MnOo 
value” which was supposed to measure the detergent value of the mate¬ 
rial used. In McBain’s method a so-called '‘carbon value” was deter¬ 
mined in somewhat the same way. 

It is an open question whether peptization methods of this sort 
really measure the effectiveness of a detergent in any actual process 
of washing, such as de-inking is. Attempts to measure detergent power 
by direct washing tests have therefore been made,^® but not with great 
success. Stericker carried out a few tests with soiled mechanics’ 
overalls and concluded that sodium silicate NaoO.SSiOg possessed some 
real detergent action. Zhukov and Shestakov washed specially soiled 
cotton and concluded that olein soaps were superior to rosin soaps, 
but no details of their procedure were given. Heermann washed spe¬ 
cially soiled goods and compared the whiteness of the product with a 
set of “standards” much as we have done in the present work on de- 
inking. Comparison was made with the naked eye, however, and could 
not have been very accurate or trustworthy. 

It is believed that the technique developed during the present in¬ 
vestigation of de-inking can be employed in measuring detergent power 
by direct washing tests. That the data of Table II represent a fairly 
accurate evaluation of the absolute detergent power of various de-inking 
agents, has been pointed out in the preceding discussion. The printed 
paper serves as the soiled material. The unprinted paper is the standard 
by which perfect cleaning can be determined. The use of the Taylor 
reflectometer enables accurate quantitative measurements to be *made, 
'^he weak point in the method as developed so far lies however in the 
tendency of mechanical wood-pulp to be discolored, especially in alkaline 
.solutions. With printed book-stock this would not be so serious a 
problem. At any rate, the method is promising and it will be tested 
thoroughly in the near future. 

"Cy. summary by McBain, Third Colloids Report, Brit Assoc. Adv, of Science (1920). 

C/. McBain, Harbome and King, loc, cit., J. Phys. Chem,, 28, 1 (1924). 

“ Fall, loc, cit., Cornell Univ. Thesis (1925). 

« Zhukov and Shestakov, Chem. Ztg., 36, 1027 (1911); Stericker, Ind. Eng. Chem., 15, 
244 (1923); Heermann, Z. deut. dl-Fett Ind.t 361, 378, 391 (1924); Chem, Abstr., 18. 
3485 (1924): 
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Summary. 

The results of this paper may be summarized as follows: 

1. A laboratory method for the quantitative study of de-inking has 
been described and a preliminary report on the results obtained has 
been made. 

2. Printed newsprint is pulped in a solution of the detergent, the 
loosened and peptized ink is removed by washing, and the pulp is con¬ 
verted into test sheets of paper. The whiteness of these test sheets is 
then measured with a Taylor reflectometer. This value of whiteness is 
used to determine the degree of de-inking, by comparison with the white¬ 
ness of known mixtures of printed and unprinted paper. 

3. Soap (sodium oleate) effects the greatest de-inking, the latter 
being complete between the concentrations of 0.5 and 5 per cent. Rosin 
soap (sodium resinate) is less effective. 

4. Alkaline solutions in general are active de-inking agents. Fullers' 
earth increases the detergent power of sodium hydroxide, and gives 
almost as much de-inking as soap. With sodium hydroxide maximum 
de-inking occurs between the limits of 0.1 and 0.02 moles per liter. 

5. Water alone, without any special detergent, removes a large 
amount of ink. But the strong acids, the neutral ionized salts (espe¬ 
cially those with polyvalent cations), and the alkaline-earth metal 
hydroxides are anti-detergents, preventing any de-inking by water 
whatsoever. 

6 . Typical protective colloids, such as gum arabic or gelatin, prove 
to be comparatively ineffective de-inking agents. 

7. The de-inking power of sodium silicate is not greatly affected by 
the Na 20 : Si 02 ratio. 

8 . Rise of temperature appears not to increase de-inking power. 

9. If paper is pulped in water previous to the de-inking treatment, 
the removal of ink becomes much more difficult. The ink is ground 
into, and retained firmly by, the fibers. 

10. In the case of soap the ink is loosened from the fibers and sus¬ 
pended permanently in the soap solution so that removal from the pulp 
is easy. With the alkaline detergents the ink is loosened but not sus¬ 
pended, so that special methods have to be employed in collecting and 
removing the ink. This may be done mechanically by washing the pulp 
in a rapid stream of water, by adding a collecting agent such as an oil, 
or by the use of a finely divided solid in suspension (fullers' earth) 
which adsorbs the ink and carries it into suspension. 

11. The ideal de-inking agent is probably some substance, preferably 
a colloid, which is adsorbed much more strongly by ink than by paper, 
and tends to peptize ink. If the substance is a colloid and is adsorbed 
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more strongly by paper than by ink, a mordanting action results, which 
tends to bind the ink to the fiber. Such an effect has been observed 
with albumin. 

12. If the theory outlined in the last paragraph is correct, detergent 
power cannot be evaluated by peptization measurements alone (methods 
of McBain and Fall). The present technique, as applied to de-inking, 
is offered as a promising method of measuring detergent power. 

Cornell University, 

Ithaca, New York. 



THE SO-CALLED ADSORPTION OF FERRIC OXIDE 
HYDROSOL BY CHARCOAL 


By Arthur W. Thomas and Thomas R. LeCompte 

While the literature discloses many investigations on the adsorption 
of “Crystalloidal” electrol)d:es and non-electrolytes by various charcoals, 
yet the adsorption of inorganic colloidal dispersions by charcoal has re¬ 
ceived but slight attention. Nils Carli ^ made some experiments in 1913 
on the adsorption of iron oxide sol by charcoal. He refers in his report 
to seme previous experiments by Freundlich and Losev, stating that 
these investigators had found that charcoal has no appreciable adsorptive 
power for iron oxide sol, but that no quantitative data was given. The 
reference cited for this work is not available, and furthermore, Freund¬ 
lich, in his “Kapillarchemie'* makes no reference to the subject. 

In his experiments, Carli usied an iron oxide sol obtained from Kahl- 
baum, and a charcoal “Carbo animalis purissimus P. A.*' supplied by 
Merck. He stated that he found this charcoal had practically the same 
adsorbing power on iron oxide sol as that of a specially acid purified 
and washed charcoal prepared in his laboratory. Hi$ test for soluble 
impurities in the Merck’s charcoal consisted in shaking* two grams with 
distilled water for three hours, after whicli the sample was let stand 
over night. Chemical tests for chloride and sulphate ions in the super¬ 
natant liquid were negative. 

As a result of his experiments, Carli came to the conclusions (1) an 
appreciable adsorption existed between animal charcoal and colloidal 
iron hydroxide. (2) Within the limits of the investigation region, the 
adsorption was directly proportional to the quantity of charcoal. 
13) The adsorption was independent of the volume of the solution, 
and of the quantity of colloid present in the solution; i.e,, the con¬ 
centration. 

Carli’s experimental results showed that when using the same quan¬ 
tity of charcoal and var 3 dng concentrations of the iron oxide sol, com¬ 
plete removal was obtained up to a certain concentration after which the 
amount of iron oxide adsorbed remained constant, the average value 
l)eing 0.129 gram iron hydroxide per gram charcoal. These findings 
indicated that the study of adsorption of inorganic colloidal dispersions 
by various adsorbents, might yield interesting experimental results. 

pJtxsii. Chem., 86 , 268-72 ( 1913 ). 
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It was first attempted to duplicate the results of Carli. To this end 
iron oxide sols of varying purity were treated with highly purified 
Norite charcoal. The test experiments were filtered through S. and S. 
paper #590 (following the example of Carli) and the difference in 
concentration between the original sol and the filtered sol was consid¬ 
ered the quantity that had been adsorbed by the charcoal. An appar¬ 
ent adsorption was obtained, but the values for the same were very 
irregular—giving curves of a definite trend but irregular in their parts. 

Due to the extreme slowness with which the sol passed through 
the on-lying bed of charcoal and filter paper, it was decided to try 
centrifuging, taking the aliquot for analysis from the supernatant 
liquid. This change was effective, and upon making the next test for 
adsorption, it was found that the supernatant liquid contained the same 
concentration of iron as the original sol. This was confirmed by several 
repetitions at different time intervals. Hence it was concluded that the 
adsorption previously found could not be attributed to charcoal alone, 
but that the filter paper might be involved. 

The sorptive^ properties of filter paper are well known.® 

Method of Investigation. 

The results of the above desicribed tests made it clear that in these 
sorption tests it would be necessary to use the centrifuge in separating 
the adsorbent from the solution of the adsorbate. 

In general, the procedure observed was as follows: Usually one 
gram of a given charcoal was weighed and transferred to a 250 cc. 
Non-Sol glass stoppered bottle. ‘To this, 100 cc. of the sol or solution 
under test was added. The bottle was then turned in a rotating machine 
for the required period of time, when the contents were transferred to 
a centrifuge tube and centrifuged about ten minutes. An aliquot of 
50 oc. of the clear supernatant liquid was transferred to a beaker to 
which 25 cc. of a 3.8 molar sulphuric acid solution were added, after 
which the liquid was evaporated on a hot plate to white sulphur tri¬ 
oxide fumes, at which point it was assumed all halide had been re¬ 
moved. After cooling, about 100 cc. of water were added, arid the 
contents heated to boiling. The beaker was now removed and allowed 
to cool to rootp temperature. It was poured through a Jones reductor, 
and the iron determined by titration with N/10 potassium permanganate 
which had been standardized against Bureau of Standards sodium 
oxalate. The difference between the concentration of iron expressed as 
FeaOs per 100 cc. before and after such a test was considered the 
amount of i/on expressed as FesOs sorbed by the charcoal. 

Since the removal of substances from solution by solid **adsorbents** is not always 
adsorption according to the strict meaning of this term, the word sorption will be used 
throughout this discussion. , ^ ♦ 

•Spring, KotloiS-Z,, 6. U, 109, 164.(1909); Evans, PW. Chem,, 10, 290 (1906); 
Murray. Phys. Chem,, 20. 621 (1916); Leighton. J.Fhys. Chem., 20* 188 (1916), 
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Preparation and Purification of Materials Used: 

Preparation of Iron Oxide Sols. 

A given volume of a 2.7 molar ferric chloride solution was diluted 
with an equal volume of water, and to this was added approximately 
10 molar ammonia solution, drop by drop, with constant stirring until 
the precipitated flocks of hydrous ferric oxide re-dissolved with diffi¬ 
culty. The mass was dialyzed in collodion bags in running tap water 
for from 4 to 8 hours, after which the tap water in the dialysis jars 
was replaced by distilled water. Early in the dialyzing period, the dis¬ 
tilled water was replaced at least twice each day, while later, the water 
was replaced only once per day. Since it was desired to obtain a series 
of sols of graded Fe/Q ratio, the contents of the several dialysis bags 
were united, and a definite fraction was removed at certain intervals 
of time, say 9, 17, 23 days. The removed sol was bottled and reserved 
for analysis and use. With this concentrated sol of known Fe/Q 
ratio, it was then possible by dilution, to obtain any desired concentra¬ 
tion of the sol with a known Fe/Q ratio. 

The residue of the sol was returned to fresh collodion bags, and 
dialysis continued. 

Analysis of the various sols follows: The numbers given the sols, 
have the following significance, e.g., 4-9 is 4th batch of sols, and this 
is the fraction removed after 9 days of dialysis. 

The iron content was determined by the method already described. 
The chlorine content was determined either gravimetrically as silver 
chloride, or volumetrically by the Volhard titration. 

TABLE I 


Iron Oxide Soils 

‘Purity” 

Fe/liter Cl/liter Equiv. Fe 

No. Designation* gram-atoms grams-atoms Equiv. Cl 

1 . 4>9 02050 0.0343 17.9 

2 . 3-7 02165 0.0337 19.3 

3 . 4-14 0.1620 0.0224 21.7 

4 . 3-17 0.1751 0.0206 25.6 

5 . 32-14 * 0.1431 0.0146 29.4 

6 . 3-23 0.1225 0.0119 309 

7 . (32-14)32t 0.1312 0.0105 37.5 

8 . 2^2 0.1214 0.0075 4a6 


* Prepared by mixing equal volumes of 8 and 3 and allowed to stand 10 days before use. 
t Prepared by mixing 1.5 parts by volume of 8 and i.o part by volume of s, and allowed 
to stand lo days before use. 

Charcoals. 

Five different charcoals were used in these experiments, comprising 
* the three types: vegetable, animal and sugar. 

Their characteristics and purification are listed below. The data 
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on ash and acetic acid adsorptive powers are given in Table II and 
Figure I. 

Technical Norite: Used as delivered commercially. 

Blood Charcoal: Not purified. Used as delivered by chemical 
supply firm. 

Sugar Charcoal: (From cane sugar.) Used as purchased from a 
chemical supply firm, except that it was ground to pass a 70 mesh sieve. 

Purified Norite: A quantity of technical Norite was covered with 
6 molar hydrochloric acid and then heated to about 80° C. After stand¬ 
ing about a week at room temperature, the mass was transferred to an 
extraction column provided with a linen filtering membrane at the 
bottom, and the hydrochloric acid solution drawn through completely 
with the aid of suction. Distilled water was added, and after some 
time, drawn out with complete evacuation as before. The charcoal 
was repeatedly washed with distilled water until a sample, upon being 
withdrawn, treated with dilute sulphuric acid and filtered, gave only a 
very faint test for chloride ion. This washing process required about 
10 weeks. 

The charcoal was now transferred in the barely moist condition 
to a large Pyrex flask and dried in an electric oven at 105° C. for about 
two days, after which the flask was heated to an average of about 
150° C. in a sand bath for about 10 hours under reduced pressure 
(vacuum pump). Upon cooling, the charcoal was spread out in glass 
crystallizing dishes and allowed to come into moisture-equilibrium with 
the outside air. The portion passing 70 mesh and retained by 200 mesh 
was used in the experiments. 

Purified Bone Charcoal: “C.P. animal Charcoal” purchased from 
a chemical supply firm was purified in the same manner as described 
■ under Purified Norite, Since the sample consisted in tlie main of very 
fine particles, it was passed through a 100 mesh sieve and that portion 
retained on the sieve was used in the experiments. This amounted to 
about 100'grams out of a total of 500 grams. 

The reaction of the water soluble extract was determined by sus¬ 
pending one gram of charcoal in 100 cc. of distilled water m a pre¬ 
viously steamed Non-Sol bottle. At the end of twenty days the pH 
values of these aqueous extracts, were: 

Technical Norite . 9.58 

Purified Norite .. 4.87 

Blood Charcoal . 7.66 

Sugar Charcoal . 6.34 

Purified Bone Charcoal. 4.92 

In view of the great diversity in the purities of charcoals used by 
various investigators, as disclosed by the literature, on charcoal adsorp¬ 
tion, it was considered desirable to establish more satisfactorily- the 
degree of purity of the purified Norite and purified animal charcoal. 
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For this purpose, gold sols were obtained through the kindness of 
Mr. J. H. Young. These sols were prepared by Messrs. F. Low and 

G. F. Rugar, who are engaged in research on gold sols under Professor 

H. T. Beans. 


^CCnc ACtD ADSORPTION CURVES FOR 
CHARCOALS. ROOM TEMR 46 HRS. EXPOSURE: 



The description of the sols and the tests applied follows: 

Gold Sol No. 1. Bredig sol. Alternating current. KCl electrolyte. 0.0638 gfns. 
Au per 100 cc. 

Gold Sol No. 2. Bredig sol. Direct current. 0.001 M. NaCl electrolyte. 0.0592 

f ms. Au per 100 cc. 

tredig sol. Direct current. 0.001 M. NaQ electrolyte. About 
0.02 gms. Au per 100 cc. 

Test No. 1. 100 cc. of gold sol No. 1 were treated with 0.5000 gms. of Purified 
Bone Charcoal. Exposure was continued six days with fre¬ 
quent agitation. 50 cc. of the supernatant sol were analyzed. The 
content of gold was found to be 0.0650 gms. Au per 100 cc. The 
sol had not even a suspicion of a purple color. 

Test No. 2, 100 cc. of gold sol No. 2 were treated with 0.5000 gms. of Purified 
Norite. Exposure was continued six days with frequent agitation. 
At the end of this time, the content of gold was found to be 0.0582 
gms. Au per IGO cc. The color of the. sol had not changed. 

Test No. 3. About 50 cc. of gold sol No. 3 were treated with 0.5000 gms. of 
”C. P. Animal Charcoal” {purchased from a chemical supply firm). 
In a few minutes the color of the sol, which was ori^alfy reddish 
purple, began to go through changes of color, becoming more blue. 
By next morning, the sol had been completely precipitated, and the 
liquid was water white. , 




TABLE II 

Characteristics of Ash of Charcoals. S Gms. Ashed in Platinum Dishes in Muffle Furnace 

Components of the Ash (Per Cent of Total Ash) 
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Alkalinity, expressed as NasCOs = 6.1 per cent of total ash. ^ (M.O. indicator.) 
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Discussion of Errors. 

An error in titration, of variable importance, probably entered into 
most of the analyses. Probably, for average differences in the condi¬ 
tions under which the successive titrations are made, the average total 
error, after calculation to 100 cc., amounts to from 0.0005 to 0.0010 
grams Fe208. This is a plus-minus error, and is considered to be the 
most important one entering into the analyses. 

Very pure iron oxide sol exhibited a tendency to ding to glass, 
possibly due to superficial precipitation by alkali. This was noticed 
more particularly in sols of high concentration and very high purity. 
Since the diluted sols used in the sorption tests were, with the exception 
of sol #8, not of an extreme purity, there was no visible evidence of 
such a surface effect. After a sol has been treated with a charcoal, 
its purity will have increased due to the removal of at least some hydro¬ 
chloric acid. Therefore any error arising from this source would be 
a plus error, i.e., it would increase the apparent sorption. 

In quite a number of instances centrifuging did not remove com¬ 
pletely a very fine charcoal suspension from the iron oxide sol. This 
charcoal occupied a definite volume, causing the aliquot for analysis 
to contain slightly less total iron than it should. It is believed that in 
no case did this error exceed 0.2 cc., which for a sol containing 0.18 
gr.am Fe208 per 100 cc. would entail a maximum plus error of 0.0004 
gram Fe 208 . 


Tests of Sorption of Iron Oxide Sol by Various Charcoals. 

A series of eight dilutions were made of three sols, one very “im¬ 
pure,” one of average “purity,” and one of high “purity,” namely: 
sols #1, #5, and #7. 

The concentrations of these diluted sols ranged from 0.232 gram 
Fe 203 /liter to 2.759 grams Fe208/liter. 

Portions of one gram of the charcoals were treated in glass stop¬ 
pered Non-Sol bottles with 100 cc. of the sol. Contact was maintained 
5 days, during which the bottles were rotated at least 12 hours, and 
agitated at intervals during the remainder of the period. 

. * After centrifuging, 50 oc. aliquots were withdrawn from the super¬ 
natant sol, and analyzed for total iron content, calculated in terms 
of Fe 20 s per 100 cc. 

The results are tabulated in Tables Ill to V. 
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TABLE III 

Sorption of Ferric Oxide Hydrosol No. 1 by Various Charcoals 


7^ = 17.9 

Purified 

Norite 

Purified Bone 
Charcoal 

Sugar 

Charcoal 

Cl 

FeaOs 

FeaOs 

FCaOs 

Fe20s/100 cc. 

sorbed 

sorbed 

sorbed 

tngs. 

mgs. * 

mgs. * 

mgs. ♦ 

36.6 

1,8 

0.0 

0.5 

68.4 

1.6 

0.2 

1.3 

106.1 

1.8 

0.5 

0.1 

128.0 

1.6 

0.3 

1.6 

165.1 

1.3 

1.4 

0.2 

208.8 

2.3 

0.6 

1.0 

240.9 

1.3 

0.0 

0.3 

275.9 

0.7 

0.9 

0.5 


TABLE IV 

Sorption of Ferric Oxide Hydrosol No. S by Various Charcoals 


== 294 

Cl 

Purified 

Norite 

Purified Bone 
Charcoal 

Sugar 

Charcoal 

FeaOa 

FeaOs 

FCaOa 

FeaOa/lOO cc. 

sorbed 

sorbed 

sorbed 

mgs. 

mgs. * 

mgs. * 

mgs. ♦ 

29.6 

0.5 

0.4 

1.2 

60.1 

1.8 

0.0 

1.0 

81.9 

1.0 

1.4 

1.3 

117.6 

1.3 

1.2 

1.0 

148.8 

0.3 

1.3 

0.0 

178.4 

2.3 

0.5 

1.3 

201.0 

2.0 

1.1 

02 

228.6 

0.0 

2.3 

0.6 


TABLE V 

Sorption of Ferric Oxide'Hydrosol No. 7 by Various Charcoals 


S = 37.5 

Purified 

Norite 

Purified Bone 
Charcoal 

Sugar 

Charcoal 

a 

FeaOs 

FCaOs 

FeaOs 

FCaOs/lOO cc. 

sorbed 

sorbed 

sorbed 

mgs. 

mgs. * 

mgs, * 

mgs.* 

23.2 

0,7 

1.2 

0.1 

33.2 

0,9 

0.4 

1.2 

59.1 

0.8 

0.8 

1.2 

73.9 

0.0 

1,3 

1.5 

102.8 

0.1 

1.3 

1.8 

117.5 

0.8 

1.6 

0.3 

153.0 

• 0.5 

1.5 

1.2 

181.2 

1.6 

1.2 

1.2 


* Difference between the original concentration and the equilibrium concentration. 
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Considering about 1 milligram of FcaOs per 100 cc. to be the experi¬ 
mental error in these tests, it is apparent that highly purified charcoals 
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have no sorptive capacity for iron oxide sol within a period of exposure 
of 5 days. 

In order to find whether exposure of the iron oxide sol to purified 
charcoal for a longer period of time would give positive sorption, the 
following experiment was made. 

Iron oxide sol :^8, Fe/Cl =‘48.6, a sol that is so highly dialyzed 
that it is extremely easily precipitated by electrolytes, was diluted to 
a convenient strength and 100 cc. portions run into a series of Non-Sol 
bottles to which exactly 1 gram portions of purified Norite had been 
added. Two blanks were run without charcoal. 

The results obtained are shown in Table VI. 

TABLE VI 

• Effect of Time on Sorption of Ferric Oxide Hydrosol 


Period of exposure.days 4 6 8 13 20 27 36 

Fe203 adsorbed .mgs. l.S 1.6 12 —0.3 1.6 1.3 —1.5 


Since in all the experiments here given, the ratio of one gram of 
charcoal per lOD cc. of sol was always used, and in view of the fact 
that Carli used a ratio of charcoal as high as two grams per 20 cc., 
it was considered advisable to test the effect, if any, of variable ratios 
of charcoal. Table VII gives the results of these tests, which were 
run for a period of twenty-four hours, and in which sol #S (diluted) 
was used. 

TABLE VII 

Effect of Amount of Charcoal on Sorption of Ferric Oxide Hydrosol 
Purified Bone Charcoal treated 


with SO cc. sol.gms. 0.5 1.5 2.0 2.5 3.0 

FeaOa adsorbed .mgs. —3.1 —1.1 —2.7 —0.8 —5.0 


Still higher ratios of charcoal were used, but it was found extremely 
difficult to centrifuge out the charcoal, so that the analytical data ob¬ 
tained was meaningless. These results indicate a negative sorption, 
and in view of the experiments cited previously, an absence of positive 
sorption by purified charcoals, even when the mass of charcoal used is 
relatively great. 

Action of Technical Norite on Iron Oxide Sols: 

With these apparently wholly negative results for sorption of iron 
oxide sols by purified charcoals and by sugar charcoal, it became of 
interest to determine the character of sorption, if any, by ordinary 
technical, or unpurified charcoals. 

Preliminary tests indicated rather high precipitative power by both 
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technical Norite as well as by blood charcoal. In these preliminary 
tests, quite outstanding results were obtained with the weak concentra¬ 
tions of the sol,—the sol flocculating, and settling out, with a clear water 
white supernatant liquid. The weaker the sol, the more rapid was 
this action. The flocculation and settling out taking place in periods of 
time varying from 10 minutes to 24 hours. 

In those tests in which there was not a complete precipitation of the 
sol, so far as observation went, there had been no change in the sol,— 
but later quantitative data make it appear that at least in the case of the 
technical Norite, these sols must have changed in constitution, probably 
becoming “more pure,’’ i.e., the ratio of Fe/Cl becoming greater, due 
to removal of hydrochloric acid in hydrolytic or other equilibrium with 
the ferric oxide sol micelles. 

It should be explicitly stated that when the technical charcoal causes 
the complete flocculation of an iron oxide sol, the action involved is 
not adsorption. The iron oxide flocks settle out with their charac¬ 
teristic brick color on, over and between the charcoal particles, the 
sediment occupying several times the volume of the charcoal. 

Due to the high precipitating power of the technical Norite, it was 
decided to use 0.1 gram portions. These weighed portions were placed 
in 250 cc. Non-Sol bottles. Portions of iron oxide sol amounting to 
100 cc. were added and rotated for the given period of time. Finally 
the centrifuged sol was analyzed for total iron content in the manner 
already described. Three sols of widely differing “purity” were used. 
The results are given in Tables VIII, IX and X, and in Figure 2. 

TABLE VIII 

Precipitation of Iron Oxide Sol No. 2 by Technical Norite 

0.1 gram Technical Norite. 100 cc. portions of diluted sol No. 2. Equivalent 
Fe/Cl = 19.3. Exposure 4 days. 


Concentration of the 

Concentration of the 

FeaOa 

Diluted Sols (Ci) 

Treated Sol (Ca) 

Precipitated 

FeaOa/100 cc. 

FeaOa/lOO cc. 

(Ct)~(Ca) 

mgs.« 

mgs. 

mgs. 

24.3 

0.0* 

24.3 

41.9 

0.0* 

41.9 

49.5 

0.0* 

49.5 

74.2 

6.1 

68.1 

80.5 

54.3 

25.1 

85.5 

85.7 

— 0.2 

93.4 

93.8 

— 0.4 

135.6 

136.7 

— 1.1 

226.3 

228.7 

— 2.4 

389.3 

391.5 

— 2.2 


* Supernatant liquid gave a negative test for ferric ion, when treated with hydrochloric 
acid ^nd ammonium thiocyanate, 



338 COLLOID SYMPOSIUM MONOGRAPH 

TABLE IX 

Precipitation of Iron Oxide Sol No. 4 by Technical Norite 


0.1 gram Technical Norite. 100 cc. portions of diluted sol No. 4, 
Equivalent Fe/Cl = 2S.6. Exposure 4 days. 


Concentration of the 

Concentration of the 

FeaOa 

Diluted Sols (Ci) 

Treated Sol (Ca) 

Precipitated 

FesOa/lOO cc. 

FeaOa/lOO cc. 

(C0-(C0 

mgs. 

mgs. 

mgs. 

37.5 

0.0 

37.5 

85.9 

0.0 

85.9 

100.5 

0.0 

100.5 

105.4 

0.0 

105.4 

110.0 

0.0 

110.0 

115.9 

5.9 

110.0 

119.2 

11.5 

107.7 

1232 

38.3 

84.9 

126.4 

69.8 

56.6 

129.5 

72.5 

57.0 

134.7 

101.4 

33.3 

140.6 

128.2 

12.4 

203.7 - 

205.0 

— 1.3 

267.1 

269.0 

— 1.9 


TABLE X 


Precipitation of Ferric Oxide Sol No. 6 by 

Technical Norite 

0.1 gram Technical Norite. 100 cc.- portions of 

the diluted sol No. 

Equivalent Fe/Cl='30.9. Exposure 80 hours. 

Concentration of the 

Concentration of the 

FeaOs 

Diluted Sols (Ci) 

Treated Sol (C») 

Precipitated 

FesOs/lOO cc. 

FeaOs/lOO cc. 

(Ci)-(G) 

mgs. 

mgs. 

mgs. 

111.0 

0.0 

111.0 

122.1 

0.0 

122.1 

1402 

0.0 

1402 

148.9 

4.7 

1442 

154.1 

7.3 

146.8 

159.9 

35.6 

124.3 

174.9 

91.8 

83.1 

179.4 

111.7 

67.7 

194.8 

174.5 

20.3 

221.9 

219.6 

2.3 

284.1 

285.9 

^1.8 

312.6 

314.6 

-2.0 


The data in the three foregoing tables show three distinct effects: 

1. With the weaker sols, there is complete flocculation, with a clear 
water white supernatant liquid. 

2. The mid-figures show incomplete precipitation. In this region, 
the completeness of precipitation decreases as the concentration of the 
sol increases. The centrifuged sol is turbid and may more properly be 
called a.fine suspension. 

3. At higher concentrations, there is no precipitation. To all out- 
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ward appearances the sol has suffered no change. It is cleair, trans¬ 
parent and of the same approximate color. 


ACTION-OF TECHNICAL NORITE ON FERRIC OXIDE SOLS. 



(Cz)Equilibrium Concentnarion, mgs. FezOg per 100 cc. 

Fig. 2. 

In accordance with customary adsorption curves, the data have 
been plotted with the “FeaOj precipitated” on the vertical, and’the 
equilibrium concentration of ferric oxide on the horizontal. Curves 
are also given in which the original concentration of ferric oxide is 
expressed on the horizontal axis (Figure 2). 

Action of Blood Charcoal on Iron Oxide Sols: 

With these at first wholly unexpected results at hand for technical 
Norite, it was decided to make similar tests with a charcoal of animal 
origin. At first, bone charcoal was tested qualitatively for its precipi¬ 
tating power on iron oxide sol. This was found to be so great as to 
be unfeasible from the viewpoint of the analytical procedure. Small 
quantities of the charcoal would require very high concentration of sol 
in order to avoid complete precipitation. 

Blood charcoal was tried, and it also was found to have high pre¬ 
cipitating power, but less than that of the bone charcoal. Hence it 
was decided to use blood charcoal in a series of quantitative tests. 
For the purpose of limiting the requirements of supply of iron oxide 
sols, 0.05 gram portions of the charcoal were treated with 50 cc. por- 
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tions of the sols. The results of these tests are given in the Tables XI, 

XII and XIII, and in Figure 3. 




TABLE XI 



Precipitation of Iron Oxide Sol No. 2 

BY 

Blood Charcoal 

0.05 gram Blood Charcoal. 

50 cc. of the diluted sol. 

Equivalent Fe/Cl = 19.3. 


Exposure 50 hours. 



Concentration of the 

Concentration of the 


FeaOa 

Diluted Original Sols (Ci) 

Treated Sol (Ca) 


Precipitated 

FeaOs/lOO cc. 

FeaOa/lOO cc. 


(CO-(Ca) 

mgs. 

mgs. 


mgs. 

209.3 

0.0 


209.3 

274.3 

0.0 


274.3 

315.8 

27.4 


288.4 

340.5 

153.7 


186.8 

345.6 

313.7 


31.9 

373.0 

370.5 


2.5 

390.6 

391.6 


— 1.0 


TABLE XII 



Precipitation of 

Iron Oxide Sol No. 1 

BY 

Blood Charcoal 

0.050 gram Blood Charcoal. 

50 cc. of the diluted sol. 

Equivalent Fe/Cl = 17.9. 


Exposure 48 hours. 



Concentration of the 

Concentration of the 


FeaOa 

Diluted Original Sols (Ci) 

Treated Sol (Ca) 


Precipitated 

FeaOs/lOO cc. 

FeaOs/lOO cc. 


(CO-(Ca) 

mgs. 

mgs. 


mgs. 

205.0 

0.0 


205.0 

212.1 

9.4 


202.7 

214.0 

10.3 


203.7 

218.7 

61.2 


157.5 

231.6 

69.0 


162.6 

240.2 

183.2 


57.0 

247.1 

207.7 


39.4 

253.4 

2512 


22 

305.3 

304.3 


1.0 

362.7 

361.8 


0.9 

602.3 

605.5 


— 3.2 


TABLE XIII 



Precipitation of 

Iron Oxide Sol No. 6 by Blood Charcoal 

0.05 gram Blood Charcoal. 50 cc. diluted sol. 

Equivalent Fe/Cl = 30.9. 


Exposure 50 hours. 



Concentration of the 

Concentration of the 


FeaOa 

Diluted Original Sols (Ci) 

Treated Sol (Ca) 


Precipitated 

FeaOs/lOO cc. 

FeaOa/lOO cc. 


(Ca)~-(G) 

mgs. 

mgs. 


mgs. 

4792 

0.0 


479.2 

527.1 

0.0 


527.1 

551.1 

0.0 


551.1 

599.2 

5.9 


593.3 

, 707.7 

230.6 


477.1 

765.8 

514.9 


250.9 

788.6 

5402 


248.4 

842.3 

801.4 


40.9 
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ACTION OF BLOOD CHARCOAL ON IRON OXIDE SOLS. 


WCCs-CT)&C Values 


CCfC^ Values Plotted 


Plotted In accordance 700 .— against C±. (Original 

with FreundUcFs Method \ Concentration FegO^\ 

iPON oxide: sols. 

Aio.d-re/a • J7.9 
No.Z « I9.B 

No.6 - 30.9 . 



0 10 20 30 ^ SO 60 70 80 90 WO 

(C^ Equilibrium Concentration, mgs. FozOs per 100 cc. 

Fig. 3. 


Precipitation Across a Membrane: 

Another experiment should be described here, in support of a pro¬ 
posed explanation for this type of curve, to be stated immediately 
hereafter. 

A portion of technical Norite amounting to one gram was placed 
in a small collodion bag, attached by stopper to a funnel, and water 
added through the funnel. The bag was immersed about two-thirds 
of its depth in an iron oxide sol, contained in a bottle and protected 
from the air by another stopper, through which the stem of the funnel 
passed. By the next morning, sufficient soluble impurities had diffused 
through the walls of the bag to pi*oduce a complete precipitation of the 
iron oxide sol, leaving a clear water white supernatant liquid. 

This test was repeated, using blood charcoal with the same result,— 
the precipitate in this case being less gelatinous and more flooculent,— 
the sol was completely precipitated. 

The same test was repeated using purified animal charcoal, purified 
Norite and sugar charcoal, continuing the exposure at least three days 
in each case, and in the case of these three charcoals, there was no sedi¬ 
ment or precipitation, and apparently there had been no change what¬ 
ever in the sol. 
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Explanation of the Precipitating Action of Technical Grade Char¬ 
coals on Iron Oxide Sol: 

The explanation offered for this type of curve is the one that seems 
obvious at first thought, and in fact possibly the only one that can fit 
the facts in the case. 

Purified charcoals are found to have no precipitating effect on iron 
oxide sols, while technical grade charcoals containing soluble mineral 
substances are found to have quite characteristic precipitating action, 
even through a collodion membrane. 

Considering any one of the curves, e.g., Figure 2; Action of 0.1 
gram portions of technical Norite on sol In this quantity of the 

technical Norite, there is a given quantity of soluble electrolyte which 
diffuses out into the sol. This quantity of electrolyte exceeds the 
liminal value of the sols of the dilutions up to 0.154 gram iron oxide 
per. 100 cc.^ and there is complete precipitation. With'a sol of very 
slightly higher concentration of iron, e.g., 0.160 gram iron oxide per 
100 cc., there is present a slight excess of iron oxide with its stabilizing 
electrolyte, sufficient to hold the iron oxide up in the state of a muddy 
suspension, but not enough to keep the whole mass in a true transparent 
colloidal state. It is believed that this is the state throughout the 
sharply dropping region of the curve. When the sol contains as much 
as 0.20 gram iron oxide per 100 cc., no precipitation occurs. The sol 
remains transparent, and to all outward appearances, is unchanged. 
It is believed, however, that the condition of the sol at this point of 
the curve is that state of highest “purity,’’ i.e., greatest Fe/Cl ratio, at 
which the sol can remain clear and stable. 

The explanation proposed for the precipitating action of blood 
charcoal on iron oxide sol is the same as the foregoing. 

The fact that when the maxima points of the precipitation curves 
(Figures 2 and 3) are plotted against the “purity” of the respective 
sols straight line curves are obtained (Figure 4), is another indication 
that the functioning of the liminal value principle is responsible for 
the characteristic features of these precipitation curves. It is known 
that the “purer” the sol, the more easily it is precipitated by electro¬ 
lytes. Thomas and Frieden® believe that the stability of ferric oxide 
sol, stabilized by ferric chloride, is due to the solubility (solution forces) 
of the adsorbed ferric chloride in the dispersion medium. Hence the 
“purer” the sol, the more easily electrolytes should precipitate it and 
the lower its liminal value should be. Quite in harmony with this 
indication is the finding of Weiser and Nicholas ® that for an iron oxide, 
sol of given purity the “Ratio of Precipitating Values” (i.e.. Ratio of 

*TBe total iron content is expressed as FegOs for convenience, and as an approximation 
of the true state of the iron. 

‘‘Thomas and Frieden, J. Am. Chem. Soc., 45. 2522-32 (1923). 

•Weiser and Nicholas, J, Phys. Chem., 25, 743 (1921). 
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concentrations of electrolytes necessary to give complete precipitation) 
when plotted against concentrations of various dilutions of the sol, 
gave a straight line curve almost at forty-five degrees, particularly 

RELATIONSHIP OF MAXIMUM PO/NTS OF /RON OX/DE 
PRECIPITATION CURVES 


Pomts ta/(en from Figures HdJE 



for high valence precipitating ions, which makes the liminal value of 
an iron oxide sol of given purity approximately directly proportional 
to its concentration, the more concentrated the sol, the greater the 
liminal value. 

Action of Charcoals on Ferric Chloride Solutions. 

In order to obtain information concerning the component of the iron 
oxide sol involved in these precipitations by technical charcoals, tests 
were made with all five charcoals previously named, on ferric chloride 
solutions. The charcoal samples were treated with the freshly pre¬ 
pared ferric chloride solutions, because at the concentrations used, 
within several days, hydrolysis materially altered the appearance and 
transparency of the solutions. 

One gram portions of charccal, in Non-Sol glass stoppered bottles 
were treated with 100 cc. portions of a series of diluted ferric chloride 
solutions for four days. During this period the samples were rotated 
at least 12 hours, and shaken by hand at intervals during the remainder 
of the period of the test. They were finally centrifuged, and SO cc. 
aliquots were withdrawn for analysis in the same manner as already 
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stated for analysis of iron oxide sols. The total iron content was 
calculated to FeCls. 

The results for purified Norite, purified bone charcoal, and sugar 
charcoal are given in Table XIV; for technical Norite in Table XV and 
Figure 5; and for blood charcoal in Table XVI and Figure 7. 

TABLE XIV 

Sorption of Ferric Chloride by Various Charcoals 
1 gram charcoal. 100 cc. FeCU solution. Exposure 4 days. 


Stock 

Purified 

Purified Bone 

Sugar 

Solution 

Norite 

Charcoal 

Charcoal 

FeClsper 

FeCU 

FeCls 

FeCU 

100 cc. 

Sorbed 

Sorbed 

Sorbed 

mgs. 

mgs. ♦ 

mgs. * 

mgs. ^ 

54,0 

3.8 

0.9 

1.1 

59.6 

22 

0.2 

1.4 

66.8 

2.8 

0.5 

1.2 

78.4 

2.5 

0.1 

2.4 

85.5 

3.0 

0.4 ■ 

0.4 

118,8 

2.6 

1.3 

1.3 

240.6 

5.3 

3.3 

2.3 

345.5 

4.9 

3.3 

5.0 


* Difference between original and equilibrium concentration of iron expressed as FeCU. 


Note: The centrifuging removed the Sugar charcoal and the puri¬ 
fied animal charcoal perfectly, but was not quite so effective in the 
case of the purified Norite, 

During the time-interval of these tests, the stock solutions from 
which the 100 cc. test portions had been withdrawn, became quite 
turbid, while the centrifuged charcoal-treated solutions were perfectly 
transparent, the degree of color decreasing toward the higher concen¬ 
trations. 

The foregoing table shows the absence of any appreciable sorption 
of ferric chloride by purified charcoals. 

In the cases of technical grade charcoals, positive removal was ob¬ 
tained, as shown by Tables XV and XVI and Figures S and 7. 

It was noted that the supernatant liquid in the reaction bottles 6 
to 13 (Table XV) graded in color from yellowish brown to reddish 
brown. These colors were appreciably darker than those of the original 
stock solutions of ferric chloride used in the tests. As long as the 
reaction bottles were unopened the graded range of color was not 
perfectly apparent to the eye, but about one week after the bottles 
had been opened for withdrawal of sample for analysis, the graded 
colors had developed quite characteristically. 

To determine whether the brown color was due to the presence of 
ferric oxide sol, about IS cc. of the contents of test bottle #10 (Table 
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TABLE XV 

Action of Technical Norite Upon Ferric Chloride 

1 gram technical Norite. 100 cc. of the diluted FeCh solution. Rotated 24 hours. 

Exposure 5 days. 



FeCh/100 cc. 

FeCh/lOO cc. 



in Original 

in Treated 

FeCU 


Stock Solution 

Solutions 

Precipitated 

No. 

(Cx) 

(Q) 

(Cx)-(G) 

mgs. 

mgs. 

mgs. 

1 

54.0 

0.0* 

54.0 

2 

57.1 

0.0* 

57.1 

3 

59.6 

0.0* 

59.6 

4 

59.9 

0.0* 

59.9 

5 

64.8 

5.6 

59.2 

6 

66.8 

37.3 

29.5 

7 

73.6 

57.5 

16.1 

8 

78.4 

64.4 

14.0 

9 

85.5 

74.3 

11.2 

10 

118.8 

110.2 

8.6 

11 

240.6 

232.0 

8.6 

12 

329.0 

320.1 

8.9 

13 

345.5 

334.0 

11.5 


* Tests for ferric ion with ammonium thiocyanate were negative. 


ACTION OF TECHNICAL NORITE ON FERRIC CHLORIDE S0LW70N 


"a'' (Ci’C^ and (exploited :§ CCrC 2 ) Plotted against Cx 

in accordance with (Original Concentration 

FrnundHcRs Method of Fe CI 3 ) 



(Cz)-Equilibrium Concentration, mgs, FeCI^per 100cc 


Fig. 5. 

XV) was filtered through ordinary filter paper into a test tube shaped 
collodion sack and dialyzed against 200 cc. of distilled water for 24 
hours. At the end of this period of time the contents of the sack had 
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gained in transparency and gave every appearance of a dilute reddish 
brown ferric oxide sol. The diffusate was colorless and showed but 
an exceedingly faint test for ferric ion. 

The content of the sack was divided into two equal portions. To 
one portion, a pinch of sodium chloride crystals was added, and both 
liquids centrifuged after a few minutes. The half that had received 
the sodium chloride gave a water white supernatant liquid and a sepa¬ 
rated solid while the other half had not been altered in appearance. 

This proves that the sack contained ferric oxide hydrosol. This 
transformation of ferric chloride to ferric oxide sol seems to be most 
pronounced in that region of the curve corresponding to the rapidly 
falling portion. 

That this is to be expected when ferric chloride is treated with any 
alkaline charcoal, i.e., practically all vegetable charcoals, may be seen 
from the following consideration. 

Ferric chloride in aqueous solution is always in hydrolytic equilib¬ 
rium with hydrochloric acid. One way of representing Ais hydrolysis is: 

FeCls + H 2 O FesOs + HCl 

It is to be noted that the portion of the equation underscored represents 
iron oxide sol, which is frequently expressed as x Fe 203 , y FeClg, 
z H 2 O. 

Upon treating ferric chloride solutions with technical Norite, the 
alkali of the latter, at the lower dilutions of the ascending portion of the 
curve (Figure 5), neutralizes all the hydrolytic hydrochloric acid pro¬ 
ducing complete precipitation. At the higher concentrations of the 
ascending portion of the curve, the alkali neutralizes sufficient of the 
hydrochloric acid to produce iron oxide sol, which, however, does not 
persist, due to the precipitating or salting out effect of the electrolytes 
present. For the descending portion of the curve, the ferric oxide sol 
there formed possesses sufficient stabilizing ferric chloride to withstand 
the precipitating effect of electrolytes present. The solutions repre¬ 
sented by the horizontal portion of the curve may be considered as 
ferric chloride solutions of decreasing degrees of hydrolysis, or as 
ferric oxide sols of decreasing degrees of purity. 

When ferric chloride is precipitated by an alkali, the hydrous iron 
oxide cannot remain undissolved in the presence of excess ferric 
chloride solution. Thomas Graham ^ proposed a method of preparing 
iron oxide sol by agitating hydrous ferric oxide with ferric chloride 
solutions. 

One might question whether this can occur in the presence of char¬ 
coal. To answer this question, the following experiment was made: 
0.20 gram technical Norite was treated with 100 oc. of diluted sol #8, 

^ Proc* Roy. Soc. London, 13, 835 (1868-4), 
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containing 0.1352 gram Fe. The reaction was complete within two 
hours, giving complete flocculation of the sol, and upon settling, a 
perfectly clear water white supernatant liquid. Five drops of a 2,7 
molar ferric chloride solution were added, and the whole shaken and 
then let stand. By next morning, the supernatant liquid was a deep 
reddish brown iron oxide sol. 

In such experiments it is within the possibilities that the reaction 
of the alkali of the charcoal with the hydrolytic hydrochloric acid in 
conjunction with the precipitating action of other electrolytes of the 
charcoal, might leave slight quantities of iron oxide on the surface 
or within the interstices of the charcoal, which would remain there until 

ACrrn OF TECHNICAL NORITE ON FERRIC CHLORIDE 
SOLUTIONS- PLOTTED AGAINST TIME 


>:iie 

l«i 

^J3 

1^// 


^ 8 
^7 




r 

r 

1 ..no'cP- 1 i i F 1 1 \ 1 

J. 1®. Action of Technical Norite, 








Jgm.Porf/ons) on 100 cc, of 
^errlc Chloride Solutions of 
Different Concentrations, 







i 


i 


'l! 





m H 

our 

5. 






i r\ 

r 


m 











V 




1 



h-- '9 

44 n 



to 

LJ 

T. 



i 




1 

_i 

.... 




go,r 

-o 

















































2 3 4 S 6 7 8 9 10 /S 20 ZS 30 3S 

T/me In Hours 

Fig. 6. 


the reverse peptizing process could take it back into solution as iron oxide 
sol., i.e., that there might be a lag in the curve that could be demon¬ 
strated experimentally. An attempt was made to demonstrate such a 
lag in the re-solution of any such momentarily, precipitated feme oxide. 

A quantity of ferric chloride solution with a concentration corre¬ 
sponding to the lower region of the dropping part of the curve in 
Figure 5 was prepared. Portions of this solution amounting to 100 cc. 
were added to 1 gram samples of technical Norite in glass stop^red 
Non-Sol bottles. After the specified time of exposure with continual 
rotation, the contents were centrifuged 10 minutes and an aliquot 
analyzed for total iron content expressed as ferric chloride. _ 

This was repeated with two other concentrations of ferric chloride 
solutions (Figure 6). 
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The curves plotted in Figure 6 are interpreted as demonstrating a 
lag between the tendency of the alkali carbonate of the charcoal to 
precipitate the ferric chloride as Fe 208 and the tendency of the ferric 
chloride solution to redissolve any precipitated Fe^Os as iron oxide sol. 
The lower the iron chloride concentration, the greater the lag. The 
upward trend of the curves represents the predominating influence of 
the original relatively high alkali carbonate concentration and at the 
same time the fact that its diffusion out of the charcoal requires a defi¬ 
nite period of time. Theoretically the curve should have the approxi¬ 
mate form of a pyramid. 


Action o£ Blood Charcoal on Ferric Chloride Solutions. 

TABLE XVI 

Precipitation of Ferric Chloride by Blood Charcoal 


1 gram Blood charcoal. 100 cc. of the diluted FeClj solution. 
Exposure 6 days. 


No. 

FeCVlOO cc. 
in Original 
Stock Solution 

Cl 

FeCVlOO C.C. 
in Treated 
Solutions 

c, 

FeCU 

Precipitated 
Cl—Ca 

mgs. 

mgs. 

mgs. 

1 

54.0 

0.0* 

54.0 

2 

59.6 

0.0* 

59.6 

3 

66,8 

0.0* 

66.8 

4 

78.4 

0.0* 

78.4 

5 

85.5 

0.0* 

85.5 

6 

118.8 

0.0* 

118.8 

7 

240.6 

24.4 

216.2 

8 

318.1 

93.7 

224.4 

9 

338.1 

114.5 

223.6 

10 

3632 

135.6 

227.6 

11 

384.5 

155.1 

229.4 

12 

426.0 

195.4 

230.6 

13 

557.7 

334.0 

223.7 


* Gave no test for ferric ion with hydrochloric acid and ammonium thiocyanate. 


The following notes were recorded during this series of tests: 

(1) The charcoal in the test bottles settle out quite clearly by 
gravity. However, before analyzing the supernatant liquid, it was 
centrifuged for the sake of uniformity of procedure. The centrifuged 
solutions were beautifully clear and transparent grading in depth of 
color toward #13 (Table XVI), which was deepest yellow. The yel¬ 
low is that of ferric chloride. There is clearly no iron oxide sol 
formation. 

(2) The sediment in the bottles after settling out by gravity oc¬ 
cupied a much enlarged volume over that of the charcoal. It appeared 
to be charcoal interspersed or coated over with some brownish dirt 
colored iron compound. 
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(3) The clear supernatant ferric chloride solution, after being 
made alkaline with ammonia, and filtered, gave a positive test for cal¬ 
cium showing that calcium had come out of the charcoal. 

(4) When, in the analysis of the treated solution, the aliquot was 
evaporated to white fumes with 3.8 molar sulfuric acid, a considerable 
amount of gelatinous meta silicic acid became apparent. It was neces¬ 
sary to continue the evaporation to perfect dryness and then to dry 
heat for one half hour, before taking up with ^dilute sulfuric acid. 
This step was necessary in order to prevent subsequent clogging and 
poor filtration through the Jones Reductor. 
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ON 
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Fig. 7. 


The character of the curves for blood charcoal differ from those 
of technical Norite in that the precipitation reaches a maximum value 
and then remains constant for the higher concentrations of ferric 
chloride. The supernatant liquids were a beautiful clear light lemon 
yellow, showing no apparent tendency toward the formation of iron 
oxide sol. The fact that calcium and metasilicic acid appear in 
appreciable quantity in the solution for analysis is believed to give 
the clue for the explanation of this difference in the curves. 

The mechanism of the predominating reaction in the action of blood 
charcoal on ferric chloride solution is considered to be as follows: 
Hydrolytic hydrochloric acid from the ferric chloride reacts with some 
easily transposable silicate of calcium in the charcoal liberating silicic 
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acid and calcium chloride, the iron precipitating as iron oxide or some 
basic iron silicate. 

This explanation is in harmony with the fact that in the action of 
blood charcoal on iron oxide sol (Figure 3), a reversal of the precipita¬ 
tion occurs, so that in the outer regions of the curves, the precipitation 
falls to zero. The iron oxide sol was of course free of all acidity other 
than that minute amount which is invariably present in hydrolytic 
equilibrium with the dispersed phase. F. L. Browne® has shown that 
the activity of hydrogen ion falls very rapidly with increasingly higher 
purities of the sol. Thomas and Frieden ® found that their pure iron 
oxide hydrosols had a hydrogen ion concentration of 10“®. Due to 
this absence of appreciable acidity, silicic acid was not liberated from 
the charcoal, so that the normal effect of excess of ferric oxide sol, 
with its excess of stabilizing electrol 3 ^e over and above that requisite 
for stability, operated to reverse any precipitating action of the, in the 
main, water soluble electrolytes of the charcoal, at those concentrations 
where the liminal value of the sol was not exceeded. 

From Table XVI and Figure 7 it is seen that 1 gram of blood 
charcoal precipitates 0.224 gram FeCb from 100 cc., which is equivalent 
to 0.0138 moles ferric chloride per liter and if the hydrolytic hydro¬ 
chloric acid or its equivalent acidity were left entirely behind in the 
solution its concentration would be 0.0414 moles per liter. It is believed 
that ferric oxide sol could not exist in the presence of such a concen¬ 
tration of hydrogen ion. 

Action of Purified and Technical Norite on Hydrochloric 
Acid Solutions. 

In view of the fact that purified charcoals were found to be devoid 
of any appreciable adsorbing powers on both iron oxide sol and ferric 
chloride solution, and also of the fact that interaction of hydrochloric 
add enters into the explanation offered for the precipitating action of 
technical grade charcoals on ferric chloride solution in particular, it 
was considered desirable to make some tests demonstrating the removal 
of hydrochloric acid by a purified and technical grade charcoal. 

A series of very dilute hydrochloric acid solutions, of a strength 
equivalent to the ferric chloride test solutions described in Table XV 
were prepared. These were standardized with carbon dioxide-free 
sodium hydroxide, using phenolphthalein indicator. 

Technical and purified Norite, in one gram portions, were treated 
with 100 cc. of each of these standardized acid solutions. After three 
days, during which the test bottles were frequently agitated, an aliquot 
of the clear supernatant liquid was titrated for acidity as in the case 
of the standardizations of the original solutions. 

•/. Am. Ckem. Sac., 46, 297-8H (1923), 
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In the case of the technical Norite, aliquots were also analyzed 
gravimetrically for chloride ion. 

The results of these tests are given in Tables XVII and XVTII 
and in Figure 8. 

TABLE XVII 

Sorption of Hydrochloric Acid by Purified Norite 


1 gram purified Norite. 100 cc. hydrochloric acid solution. 
Exposure 3 days. 


HClin 
Original . 
Solution * 
(Cl) 

moIes/100 cc. 


0.000233 
0.000521 
0.000784 
0,000869 
0.001105 
0.001687 
0.002056 
0.002997 
0.003759 
0.005254 


HCl in 
Solution at 
Equilibrium * 
(C.) 

moles/100 cc. 

0.000123 

0.000370 

0.000627 

0.000693 

0.000932 

0.001490 

0.001852 

0.002792 

0.003530 

0.005003 


^*A” 

HCl ‘‘Adsorbed” 
moles 

0.000110 

0.000151 

0.000157 

0.000176 

0.000173 

0.000197 

0.000204 

0.000205 

0.000229 

0.000251 


* By titration with carbon-dioxide free sodium hydroxide. 


TABLE XVIII 

Removal of Hydrogen Ion and Chloride Ion from Hydrochloric Acid 
Solution by Technical Norite 



HClin 

Hydrogen 
Ion in' 


Original 

Solution at 


Solution ♦ 

Equilibrium * 

Test 

(CO 

(C,) 

No. 

moles/100 cc. 

moles/100 cc. 

1 

0.000233 

0.00001 

2 

0.000521 

0.000016 

3 

0.000784 

0.000038 

4 

0.000869 

0.000049 

5 

0.001105 

0.000074 

6 

0.001687 

O.OOOS18 

7 

0.002056 

0.000864 

8 

0.002997* 

0.001760 

9 

0.003759 

0.002511 § 

10 

0.005254 

0.003965 § 


Hydrogen 

Chloride 

Ion in 
Solution at 

Chloride 

Ion Removed 
"A” 

Equilibrium t 
(CO 

moles/100 cc. 

Ion Removed 

«A« 

moles 

moles 

0.000233 

0.000252 

—0.000019 

0.000505 

0.000504 

0.000017 

0.000746 

0.000724 

0.000060 

0.000820 

0.000816 

0.000053 

0.001031 

0.000980 

0.000125 

0.001169 

0.001452 

0.000235 

0.001192 

0.001796 

0.000260 

0.001237 

0.002684 

0.000313 

0.001248 

0.003448 

0,000311 

0.001289 

0.004940 

0,000314 


* By titration with carbon-dioxide free sodium hydroxide solution, using phenolphthalein 
indicator. 

t By precipitation as AgCl in presence of nitric acid, 
t Alkaline to phenolphthalein. 

§ Neutral solution gave a test for calcium. 


In the case of the technical Norite, the neutralized solution in tests 
9 and 10, Table XVIII, were found to give a quite appreciable test for 
calcium. Also the fact that the endpoint of the titration of the test 
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solutions was not nearly as sharp and decisive as in the case of the 
original hydrochloric acid stock solutions indicates the probability of the 
presence of a “weak’’ acid, possibly silicic or phosphoric. 

These tests show that purified Norite adsorbs hydrochloric acid 
to a slight extent, while technical Norite removes it to a much greater 
extent, the removal being due to (1) the same cause operating as for 
the purified charcoal, and (2) “exchange adsorption” involving a 
metathetical reaction between the hydrochloric acid and some compound 
of calcium in the charcoal, this reaction accounting for fully 75 per 
cent of the removal within the range of concentration 0.0 to 0.004 molar 
acid (Figure 8). 
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Fig. 8. 


It is seen that the “total acidity” method does not represent the true 
removal of hydrochloric acid, since the chloride ion as determined gravi- 
metrically is removed to a much less extent than the hydrogen ion. The 
fact that technical Norite contains water soluble chlorides makes it 
probable that the true removal of chloride ion is appreciably more than 
that represented in the Tables XVII and XVIII and Figure 8. 

The data upon which the removal of hydrochloric acid by purified 
Norite is based was obtained by titrations of total acidity using phenol- 
phthalein. Since, in the case of technical Norite, this method is found 
to give results- that are not equivalent to the chloride ion sorption as 
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determined gravimetrically, it might be questioned to what extent acidi- 
metric methods represent the true adsorption of hydrochloric acid by 
purified Norite. 

Summary. 

The following listed facts have been shown to be true, or have been 
indicated to be true: 

1. Purified charcoals have been found to have no adsorbing action 
on iron oxide sols of the type known as Graham iron oxide sols. 

2. Technical grade charcoals have high removal powers on iron 
oxide sols and in this removal any adsorption effect is wholly negligible, 
the removal being due to the precipitating action of the electrolytes 
present in the charcoal as impurities. 

3. Technical grade charcoals containing soluble mineral impurities 
have high precipitating power on iron oxide sols, the principle of the 
‘‘Liminal Value” operating to cause the curves for such precipitations 
to take the characteristic form as shown in Figures 2 and 3. It is 
believed that this type of curve is a general one for the action of char¬ 
coals on intermediate and hydrophobic sols. 

4. By plotting the maxima of the precipitation curves for different 
iron oxide sols against the ‘‘purities’^ of the sols used (Figure 4), 
straight line curves are obtained, showing that the liminal value is a 
straight line function of the purity, in the case of iron oxide sols. 

5. Purified charcoals have almost negligible if any adsorbing power 
on ferric chloride solutions at least at concentrations up to 0.02 molar. 
Technical grade charcoals exert a precipitating action on ferric chloride 
solutions, alkaline and acid charcoals giving different types of curves. 
An explanation based on ‘'Exchange Adsorption” with supporting evi¬ 
dence, is given for the precipitation effects in each case. 

6. Purified and technical grade Norite exert removal powers toward 
hydrochloric acid, that of the purified Norite being slight while that 
of the technical Norite is high. Removal curves determined by “acidi- 
metric” (titration with alkali) and gravimetric (weighing chloride as 
AgCl) methods are quite different, and show that up to 0.004 molar 
hydrochloric acid only about one-fourth as many moles of chloride ion 
are removed as of hydrogen ion. This is further support for the 
explanations mentioned in item 5 above. 

7. Sufficiently purified charcoal has no precipitating action on gold 
sols. With less pure charcoals, precipitation occurs and the principle 
of the liminal value is probably followed. 

Columbia University, 

New York City. 
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By Harry B. Weiser 

I. Ionic Antagonism in the Neutralization of Sols by 
Single Electrolytes. 

In the precipitation by electrolytes of sols stabilized by preferential 
adsorption of ions, it is usually considered that only anions count in 
the case of positive sols and only cations count in the case of negative 
sols. However, it was recognized by Freundlich ^ a score of years ago 
that the critical precipitation concentration of electrolytes for sols 
may be influenced by the ion having the same charge as the sol; and 
a decade ago Bancroft^ pointed out that the amount of electrolyte 
required to precipitate any given suspension will vary with the nature of 
the cation, the anion, and the disperse phase. This point of view does 
not seem to have been taken seriously by many people; but in 1920, 
attention was called ® to the fact that the influence of the ions having the 
same charge as the sol cannot be disregarded entirely in any case, and 
may be quite marked if the electrolyte precipitates only in high concen¬ 
tration, The precipitation value of electrolytes for sols may be defined, 
therefore, as that concentration which results in sufficient adsorption 
of the precipitating ion to neutralize the combined adsorption of the 
original stabilizing ion and the stabilizing ion added with the precipitat¬ 
ing solution. There- is thus an antagonistic action between the op¬ 
positely charged ions of a precipitating electrolyte in the sense that 
the greater the adsorption of the stabilizing ion the greater must be the 
adsorption of the precipitating ion to effect neutralization. Hence the 
precipitation value of an electrol3rte with a strongly adsorbed stabilizing 
ion is necessarily higher than that of an electrolyte with a weakly ad¬ 
sorbed stabilizing ion. This is illustrated in Table I which gives the 
precipitation values in milliequivalents per liter of potassium salts for 
different arsenious sulfide sols. The order of precipitating power of 
the potassium salts is: chloride > sulfate > ferrocyanide > citrate, 
which is probably the order of increasing adsorbability of the stabilizing 
anions. 

Just as the precipitating power of an electrol 3 rte decreases with in¬ 
creasing adsorbability of the antagonistic stabilizing ion so the precipi- 

5 “Kapillarchemie,’* 852 (1909); Z, physik, Chem,, 44, 104 (1908). 

»J. Phys. Chem,, 19, 868 a916). 

* Weiser, /. Phys^ Ckem., 24, 80 (1920), 

354 



IONIC ANTAGONISM IN COLLOID SYSTEMS 355 


Concentration of Sol 
Grams per Liter 

Precipitation value of 

Investigator 

tating power of electrolytes with the same stabilizing ion increases with 
increasing adsorbability of the precipitating ion. This is illustrated in 
Table II ^ which gives the precipitation value of barium chloride and 
of various alkali chlorides for arsenions sulfide together with the ad¬ 
sorption of barium during the precipitation of the sol with barium 
chloride alone and when mixed with constant amount of the several 
alkali chlorides. From the observations it will be noted that univalent 
ions cut down the adsorption of barium in the order, lithium < sodium 
< potassium < hydrogen. Since, under otherwise constant conditions, 
one should expect the adsorption of a given cation to be cut down by 
the presence of a second cation in proportion to the adsorbability of 
the latter, it follows that the order of adsorbability of the univalent 
ions is: hydrogen > potassium > sodium > lithium. This is exactly 
the same as the order deduced from the precipitation values of the salts 
assuming that the salt containing the most readily adsorbed cation pre¬ 
cipitates in lowest concentration. 


TABLE I 



1.8 

3.7 

6.0 

KCI 

49.S 

85 

33.2 

IGSO* 

65.5 

100 

43.5 

K4Fe(CN)« 

— 

185 

71.2 

KaCit 

240 

Freundlich * 

270 

Ghosh and 
Dhar " 

Weiser and 
Nicholas ® 


TABLE II 


Electrolyte Added to 100 cc. Sol 
Total Volume 200 cc. 

30 cc. N/50 BaQa 

30 cc. N/SO BaCh + 30 cc. N/2 LiCl 
30 cc. N/SO BaCh + 30 cc. N/2 NaCl 
30 cc. N/SO BaClu + 30 cc. N/2 KCI 
30 cc. N/SO BaCli + 30 cc. N/2 HCl 


Barium Adsorbed 


Grams 

Millieq. 
per Gram 

Precipitation Value 
Millieq. per Liter 

0.0109 

0.058 

BaCh 

2.74 

0.0037 

0.019 

LiCl 

88.7 

0.0025 

0.014 

NaCl 

73.5 

€.0018 

0.009 

KCI 

63.7 

0.0013 

0.007 

HCl 

52.5 


It should be pointed out in passing that the results recorded in 
Table II furnish almost conclusive proof that the univalent cations are 
adsorbed less strongly than bivalent barium. For example the adsorp¬ 
tion of barium is cut down but very little by the presence of an equiva¬ 
lent amount of lithium, arid 25 times the concentration of lithium cuts 
it down but two-thirds of the value in the, absence of lithium. 


ph^sih, Chem., 44. 129 (1903). 

^ Kolh%d-Z,.Z^, 129 (1926). 

•/. Phys. them,, 26. 742 (1921), 

» Weiser, /. Phys. Chem„ 26. 965 (1921). 
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II. Ionic Antagonism in the Neutralization of Sols by Mixtures. 


Thirty years ago Linder and Picton ® observed that the precipitating 
action of mixtures of two electrolytes for arseiiious sulfide sol, is 
approximately additive provided the precipitating power of each is of 
the same order of magnitude, whereas the precipitating action may rise 
•appreciably above an additive relationship if the electrolytes vary widely 
in their precipitating power. Thus the precipitating action of mixtures 
of SrCU and BaCl 2 are nearly additive, whereas the addition of potas¬ 
sium chloride increases rather than decreases the precipitation concen¬ 
tration of strontium chloride. This cannot be attributed to a decrease 
in the dissociation of strontium chloride by potassium chloride because 
other potassium salts, such as the nitrate, give similar results. 

As a result of an investigation of this anomalous behavior in 1921,® 
it was concluded that, in the simultaneous adsorption by solids from 
mixtures of two electrolytes having no ion in common, the most readily 
adsorbed cation and anion are taken up most and the other pair least 
readily; while from mixtures having one ion in common, the oppositely 
charged ions are each adsorbed less than if the other were absent but 
the most readily adsorbed ion is displaced the least. From this, there 
would appear to be two factors which influence the precipitating action 
of mixtures of electrolytes: (1) The antagonistic effect of each pre¬ 
cipitating ion on the adsorption of the other and (2) the stabilizing 
influence of the ions having the same charge as the sol. 

TABLE III 

Precipitation of Colloidal AsaSa with Mixtures of LiCl and BaCh 


N/2LiCl 

Taken 

Taken 

—N/lOO Bad* to 
Calculated 

cc. 

cc. 

cc. 

4.05 

0.5 

4.03 

4.50 

3.54 

1,0 

4.25 

3.03 

2.0 

3.76 

2.03 

3.0 

2.25 

1.03 


Complete Coagulation- 

,-Difference. 


cc. 

Per Cent 

0.96 

27 

1.22 

38 

1.73 

84 

122 

118 


As an illustration of the antagonistic action of salts of varying pre¬ 
cipitating power the observations with mixtures of LiCl and BaClo on 
arsenious sulfide sol are given in Table III.^® It will be seen that 
the presence of alkali chloride increases appreciably the precipitation 
concentration of barium chloride. In Table IV is given the effect of 
the presence of lithium on the adsorption of barium during the precipi¬ 
tation of arsenious sulfide sol. Experiment 1 gives the adsorption of 
Ba” ion at the precipitation concentration of BaCls; experiments 2, 3, 


•7. Chem, Soc,, 67, 67 (1896). 

• Weiser. 7. Phys, Ckem., 26, 665 Cl921’i. 
28, 282 (1924). 



IONIC ANTAGONISM IN COLLOID SYSTEMS 357 


TABLE IV 

Adsorption by Arsenious Sulfide of Barium in the Presence of Lithium 
Mixtures Added to 125 cc. of 


BaS04 Remaining 


Barium Adsorbed 


N/2 

A 

N/lOO 

- ' 

in 200 cc. 

-- 

JL 

Gms. per 

LiCl 

BaQa 

HaO 


Average 

Gms. 

Mole ASaSa 

0 

50.80 

74.20 

0.0288 

0.0284 

0.0140 

1.214 

0 

50.80 

74.20 

0.0280 




0 

56.25 

68.75 

0.0316 

0.0319 

0.0151 

1.310 

0 

56.25 

68.75 

0.3220 




6.25 

56.25 

62.50 

0.0371 

0.0373 

0.0112 

0.971 

6.25 

5625 

62.50 

0.0375 




0 

53.10 

71.90 

0.0304 

0.0302 

0.0143 

1.250 

0 

53.10 

71.90 

0.0301 




12.5 

53.10 

59.40 

0.0363 

0.0365 

0.0097 

0.841 

12.5 

53.10 

59.40 

0.0368 




0 

47.00* 

73.00 

0.0259 

0.0260 

0.0132 

1.145 

0 

47.00 

73.00 

0.0260 




25.0 

47.00* 

48.00 

0.0358 

0.0357 

0.0600 

0.520 

25.0 

47.00 

48.00 

0.0355 





and 4 give (a) the adsorption Ba”‘ ion from BaClo alone at the con¬ 
centration necessary to cause precipitation from the mixture with LiCl 
and (b) the adsorption of Ba'* ion in the presence of Li‘ ion. In 
experiment 4 the concentration of BaCl 2 is below the precipitation value, 
necessitating the addition of some MgClo. Since the precipitating 
power of these two salts is very nearly the same, the presence of the 
small amount of Mg'- ion can have little or no effect on the adsorption 
of Ba*' ion at this concentration. Attention should be called to the 
fact that the concentration of LiCl and BaCU used in experiments 2, 3, 
and 4 correspond to those of 0.5, 1.0, and 2.0 cc. of LiCl, respectively, 
in Table III. 

From these observations it is obvious that concentrations of lithium 
below the precipitation value have a marked influence on the adsorption 
of barium. Thus at the precipitation concentration of a mixture con¬ 
taining one-eighth the precipitation value of LiCl alone the adsorption 
of Ba'‘ ion is lowered more than 25 per cent; while from a mixture 
containing one-half the precipitation value of LiCl alone, the adsorption 
of Bar** ion is decreased 53 per cent. At the same time, the presence 
of Ba** ion unquestionably influences the adsorption of Li* ion so 
that the concentration necessary for sufficient adsorption to decrease 
the charge on the particles below, the critical value is proportionately 
greater for each salt in the presence of the other. This mutual ionic 
antagonism would appear to be an important factor in ‘raising the 
precipitation concentration of mixtures above the additive value. 
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Associated with the cationic antagonism is the antagonistic action of 
chloride, the adsorption of which cannot be ignored at the relatively 
high concentration of LiCl employed. Until recently, Dhar and his 
collaborators discredited the influence of any cationic antagonism in 
increasing the precipitation value of certain salt pairs above the additive 
value, and attributed the effect entirely to the stabilizing action of the 
anions, chloride ion in the case at hand. Some further observations 
bear on this point: 

In Table II it was pointed out that the same concentration of dif¬ 
ferent alkali chlorides cuts down the adsorption of barium ion to widely 
different degrees. It seemed probable therefore that the precipitation 
value of barium chloride would vary in the presence of approximately 
the same concentration of chloride ion but with different alkali cations. 
That such is the case is shown clearly by observations recorded in Table 
V' and shown graphically in Figure 1,^* 


.TABLE V 

Precipitation of AsaSa by. Mixtures of BaCh and Alkali Chlorides 
(Precipitation values in millieq. per liter.) 


LiCl + 

BaCh 

NaCl 

+ BaOa 

KCl + 

BaCU 

HCl + 

BaCls 

0.0 

1.60 

0.0 

1.60 

0.0 

1.60 

0.0 

1.60 

12.5 

2.02 

12.5 

1.93 

12.5 

1.88 

12.5 

1.98 

25.0 

2.18 

25.0 

1.98 

25.0 

1.92 

25.0 

1.93 

43.7 

2.13 

43.7 

1.82 

43.7 

1.62 

37.5 

1.65 

62.5 

1.78 

62.5 

1.30 

62.5 

1.05 

. 50.0 

1.00 

812 

1112 

1.23 

0.00 

95.0 

0.00 

83.0 

0.00 

61.5 

0.00 


It will be noted that the precipitation value of barium chloride is 
increased by like amounts of alkali chlorides in the order: LiCl > NaCl 
> KCl; while in the presence of HQ, the precipitation value of barium 
salt first rises to a point just below that in the presence of a like amount 
of lithium chloride and then drops off rather sharply. Since the ad- 
sorbability of the alkalies is in the order: K > Na > Li, it may be rea¬ 
soned that the stabilizing action of chloride ion will be greater in the 
presence of lithium ion than of potassium ion, thus accounting for the 
higher precipitation values of barium chloride in the presence of lithium 
chloride than of potassium chloride. This would not account for the 
behavior of mixtures of hydrochloric acid and barium chloride for, at 
certain concentrations of chloride, the precipitation value in the pres¬ 
ence of the relatively strongly adsorbed hydrogen ion is similar to that 
in the presence of lithium ion and greater than that in the presence of 
either sodium or potassium ion. 

Phys, Ch6m,, 28, 818, 457, 1029 (1924); 29, 435, 517, 659 (1925) j Kolloid-Z., 34, 
262 (1924); 38, 129 (1925); Z. anorg. Chem., 142, 345 C1925). See also Mukhcrjee and 
Ohosh, Quart. J. Indian. Chem. Soc.» 1, 213 (1924). 
wW«ser, /. Phys. Chem., 80, 29 (1926). 
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Another explanation suggests itself: For a given alkali chloride 
concentration, precipitation will take place when the combined adsorp¬ 
tion of the two cations neutralizes the combined adsorption of chloride 
and hydrosulfide ions. The combined adsorption will be equivalent for 
different pairs of cations; but the relative amounts of each that make 
up this equivalent adsorption will vary, depending as it does on the 
relative adsorbability of the two cations. If one may disregard for 
the moment the slight variation in the amounts of chloride added with 
barium chloride as compared with the relatively large amount of .this 



Fig. 1. —Precipitation of Arsenious Sulfide Sol with Mixtures of Electrolytes. 


ion added witji the alkali chloride, it follows that, for a given concentra¬ 
tion of different alkali chlorides, the varjdng amounts of barium that 
must be added will depend on the effect of each cation on the adsorption 
of the other. Thus the adsorption of barium is cut down by lithium ion 
less than by potassium ion, tending to make the precipitation concentra¬ 
tion of barium chloride less in the presence of lithium chloride than 
of potassium chloride. Hand in hand'with this is the decrease in the 
adsorption of alkali by the presence of barium, which will tend to make 
the precipitation concentration of barium chloride higher in the presence 
of lithium. From this point of view, the latter factor appears to pre¬ 
dominate with the alkali chlorides. With hydrochloric acid, however, 
the cutting down of the adsorption of barium by hydrogen ion is the 
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determining factor with lower concentration of hydrochloric acid while 
with higher concentrations of acid the second factor appears to 
predominate. 

Another method of attack is to determine whether the presence of 
relatively small amounts of potassium chloride, say, increases the pre¬ 
cipitation value for arsenious sulfide sol, of chlorides other than barium 
chloride. Observations with mixtures of potassium chloride with 
sodium chloride and cerium chloride respectively are given in Table VI 
and plotted in Figure 1. 


TABLE VI 

Precipitation of As^Sa Sol by Mixtures 


KCl -+■ 

NaCl 

KCl 

+ 

CeCla 

0.0 

95.0 

0.0 


0.388 

25.0 

64.0 

12.5 


0.230 

50.0 

35.0 

25.0 


0.162 

83.0 

0.0 

37.5 


0.132 



50.0 


0.105 



62.5 


0.067 



83.0 


0.000 

j results are 

quite conclusive 

that the 

addition 

of potassium 


chloride does not increase the stability of arsenious sulfide sol toward 
all other chlorides. Thus the relationship is approximately additive 
with sodium chloride whereas the precipitation value of cerium chloride 
is decreased unmistakably by the presence of potassium chloride. It 
hardly seems probable that the latter result would obtain if potassium 
chloride in small concentration actually stabilized the sol in the same 
way that a highly purified ferric oxide sol is stabilized by the addition 
of a small amount of hydrogen ion or ferrocyanide sols by a small 
amount of ferrocyanide. In the absence of marked ionic antagonism 
between ions of the same sign, one might expect the precipitation values 
of mixtures to fall below the additive value on account of the relatively 
greater adsorbability of the precipitating ions at low concentration. This 
was actually observed in a number of instances with byd^'ous oxide 
sols.^® To account for the diiference in the results with barium chloride 
and cerium chloride one should expect to find the adsorption of barium 
cut down much more strongly than cerium by the presence of pro¬ 
portionate amounts of potassium chloride. That such is the case is 
shown by the results recorded in Table VII on the adsorption of barium 
and of cerium, respectively, in the presence of SO times the concentra¬ 
tion of potassium chloride. Cerium was determined by the colorimetric 
method of Benz previously used successfully by Freundlich in meas¬ 
uring the adsorption of this element by arsenious sulfide. It will be 

“ Weiser, /. Phys. Chem.j 28, 232 (1924). 

**Z, phynk, Chem., 37, 407 (1910). 
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TABLE VII 


Solutions Mixed 

with 100 cc. 

Sol. N/200 CeCls Remaining 

Ce Adsorbed 

Total Volume ‘200 cc. 

cc. 

jMillieq. per Gram 

N/200 CeCb 

N/2 KCl 



20 

0 

5.4 

0.073 

20 

5 

9.0 

0.058 



BaS 04 Remaining in 

Ba Adsorbed 

N/50 BaCl, 

N/2 KCl 

180 cc. 

Millieq. per Gram 

■ ’ 30 * 

" . 0 

0.0537^ 0.0537 

0.064 

■ 3q:'^|4- ' 

. - 3o; 

" 0.0614 ^ 0.0615 

0.010 


noted that, similar conditions, the adsorption of cerium is cut 

down less than, 25, per cent, while the adsorption of barium is cut down 
almost 85 per .cent. 

Finally, the presence of potassium chloride does not raise the pre¬ 
cipitation'^ coi;^eritration of sodium chloride above the additive value 
as would be expected if the sol were stabilized appreciably by prefer¬ 
ential adsorption of chloride ion. The precipitation values of such mix¬ 
tures having a common anion, are additive since the adsorption of the 
precipitating cations are similar and so the adsorption of each is affected 
but slightly by the presence of the other within the limits of the precipi¬ 
tation concentration. On the other hand, with mixtures having pre¬ 
cipitating cations in common and different anions, one ^should expect 
variations from additive values in proportion to the difference in ad- 
sorbability of the anions. Thus, I have found the precipitation con¬ 
centrations for mixtures of potassium and sodium ferrocyanide to be 
additive '■\yhereas the critical concentrations for mixtures of potassium 
chl^^ide and ferrocyanide rise slightly above the additive values,^® be¬ 
cause, of the greater adsorbability of ferrocyanide ion than of chloride 
ion. 

That the stabilizing action of adsorbed chloride ion is probably not 
the most important factor in increasing the precipitation value of mix¬ 
tures above the additive relationship is further emphasized by the 
agglomerating action of relatively low concentration^ of alkali chloride. 
An arsenious sulfide sol was prepared according to the method of 
Freundlich and Nathanson.^® This sol when viewed in the ultramicro¬ 
scope, gives a light cone but is practically free from ultramxcrons. The 
addition of small amounts of NaCl causes some agglomeration of the 
particles as evidenced by the appearance of ultramicrons on standing. 
This phenomenon was investigated carefully in the following way; A 
quantity of the sol was prepared and filtered through an ultrafilter 
which removed any ultramicrons that might be present. The prepara¬ 
tion gave a clear uniform light cone. Ten cubic-centimeter samples of 

» C/. Sen, 7. Phys. Chem., 29, 617 (1925). 

^^Kolloid-Z., 28, 268 (1921). 
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the sol were taken and diluted to 20 cc. with ultrafiltered water to which 
was added 0, 0.2, 0.5, and 0.7 cubic centimeters, respectively, of ultra- 
filtered N sodium chloride. Special care was taken in the cleaning of 
all apparatus with ultrafiltered water and in protecting the samples from 
dust. After standing for two hours, the samples were placed in the 


I ■ II 


IV ■ III 


Eta. 2. 

Biltz cell of a Zeiss slit ultramicroscope supplied with a camera, and 
the light cone photographed. The time of exposure was 2 minutes. 
A comparison of the photographs obtained (Figure 2) indicates agglom¬ 
eration of particles jn the presence of relatively small amounts of NaCl 
as evidenced by the gradually increasing, intensity of the light cone in 
going from sample 1 containing no sodium chloride to sample 4 con- 
tainii^ 0.7 cc. of N salt. 

For the sake of comj^rison, the precipitation value curve of mixtures 
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of BaCl 2 and NaCl for the sol is given in Figure 3. The precipitation 
values were determined as described elsewhere,observations for com¬ 
plete precipitation being made after two hours. The ultramicroscopic 
observations referred to above were made on the pure sol and on 
samples containing 10, 25, and 35 milliequivalents of NaCl per liter, 
respectively. In this region the precipitation value of BaCh is in¬ 
creased appreciably by the presence of sodium chloride although the 
agglomeration of the particles by the latter is clearly indicative of a 
decrease in the stability of the sol- It would seem, therefore, that in 
this case, cationic antagonism rather than the stabilizing action of the 



i / t^r of AkC /, 


Fig. 3.—Precipitation of Arsenious Sulfide with Mixtures of BaCl 2 and NaCl. 


anion is the most important factor in bringing about the variation from 
an additive relationship, 

Ionic antagonism such as that between alkali and alkaline earth 
cations in the precipitation of arsenious sulfide sol has been recognized 
recently by other investigators. Thus Mann^* finds that NH 4 CI, 
MgClg, and AlCls cut down the adsorption of methylene blue and neu¬ 
tral red by discs of mangold root, the magnitude of the reduction being 
a function of the valency and concentration of the cation. The adsorp¬ 
tion of both dye and salt attain equilibrium at a lower point, than would 
be reached by either in the absence of the other, indicating mutual 
hindrance. And Dhar and his collaborators who have in several papers 
ignored or opposed the concept of antagonism between ions of the same 
charge, have finally embraced this view.^® “As is known, crystal violet 


Phys. Chem., 28. 238 (1924). 

^Afm. Bot.^ 38, 763 (1924). 

“Ghosh, Bhattacharya, and Dhar, Kolloid-Z,, 38, 145 


(1926). 
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and strychnine hydrochloride cations are more strongly adsorbed by 
arsenious sulfide than barium and aluminum ions. On this account, the 
presence of the dye cations cut down the adsorption of K\ Ba'‘, and 
Al*** ions and therefore more than the calculated amount of KCl, BaCl 2 , 
and A1 (NOs) 3 is required for the precipitation of the sol. On the 
other hand, in precipitating arsenious sulfide sol with mixtures of 
strychnine chloride and crystal violet, the values are practically additive 
since the cations of both substances are about equally adsorbed and, 
at the precipitation concentration, there is no antagonistic effect on the 
adsorption.” 

Although in certain cases the antagonistic action between precipi¬ 
tating ions may be the most important factor in determining the pre¬ 
cipitation values of salt pairs, in other instances the effect of stabilizing 
ions may predominate. Thus Sen working with copper ferrocyanide 
sol, observed an increase in precipitation value of potassium chloride 
and of barium chloride in the presence of potassium ferrocyanide. 
With mixtures of potassium chloride and potassium ferrocyanide it is 
quite obvious that cationic antagonism cannot come in since both pre¬ 
cipitating cations are the same. Mukherjee and Ghosh observed a 
similar behavior with mixtures of sodium benzoate and sodium chloride 
on arsenious sulfide sol and I have already called attention to observa¬ 
tions with potassium ferrocyanide and potassium chloride on the same 
sol. The determining factor in the latter cases is the stabilizing 
action of the relatively strongly adsorbed benzoate and ferrocyanide, 
respectively. 

Consider the case of Graham’s ferric oxide sol which owes its sta¬ 
bility to preferential adsorption of hydrogen ion derived from hydrolysis 
of ferric chloride. It is too well known to need comment, that the 
stability of the sol falls off as the hydrogen ion concentration is de¬ 
creased by dialysis and if the dialysis is continued long enough, all of 
the sol will precipitate. Conversely, if we add hydrochloric acid to a 
highly purified sol, the stability toward all electrolytes will increase. 
Similar stabilization would be expected on adding ferric chloride, 
aluminum chloride, or lanthanum nitrate, as Freundlich and Wosnes- 
sensky have shown. With the relatively insoluble Pean de St. Gilles 
sol, a maximum in the stability is reached on adding hydrochloric acid ; 
and at a suitable concentration, the adsorption of the precipitating 
chloride ion neutralizes the adsorption of hydrogen ion and precipitation 
takes place.-^ Similarly,' colloidal copper ferrocyanide and Prussian 
blue are stabilized by preferential adsorption of ferrocyanide ion. The 
lower the concentration of the ferrocyanide ion the less the stability. 
On adding potassium ferrocyanide to a highly purified ferrocyanide 

Indian. Chem. Soc., 1, 218 (1924). 

Kolloid'Z., 33, 222 (1923). 

"Weiser. J. Pkys. Chem., 25, 665 (1921). 
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sol, the stability toward all electrolytes should be increased until the 
concentration is high enough for the adsorption of the precipitating 
potassium ion to decrease the stability of the sol below the critical 
value. This is exactly what Sen observed with two electrolytes of 
widely varying precipitating power. The precipitation value of both 
-potassium chloride and barium chloride is increased to a maximum 
that lies above the value for either electrolyte alone.^® 

A survey of the data obtained by Sen indicates that the form of the 
precipitation value curve of salt pairs for negative colloidal copper 
ferrocyanide sol depends on whether cationic antagonism may come in 
or whether it is eliminated by using salt pairs with a common cation. 
Thus when precipitation concentration of potassium ferrocyanide as 
abscissa is plotted against that of potassium chloride as ordinate, the 
curve rises sharply to a maximum, bends sharply, and then follows an 
almost straight course to the precipitation value of pure potassium 
ferrocyanide. On the other hand with concentrations of barium chloride 
as ordinate the curve rises gradually to a broad maximum dropping 
sharply when near the precipitation value of pure potassium ferro¬ 
cyanide. The difference between these curves obtained with copper 
ferrocyanide sol, and between either of them and curves obtained with 
arsenious sulfide sol, called for further investigation. Furthermore, 
certain discrepancies exist in the data. Thus Sen finds the precipitation 
values of KCl and K 4 Fe(CN)e to be 40 and 140, respectively, for one 
copper ferrocyanide sol and for another similar sol, the values to be 
35.6 and 260, respectively. Moreover, difficulty was encountered in 
determining the exact precipitation values because of reported slowness 
in settling of the ferrocyanide sol. 

Colloidal copper ferrocyanide was prepared by precipitating dilute 
solutions of cupric chloride with a very slight excess of copper ferro¬ 
cyanide. . The precipitate was. washed thoroughly by means of the 
centrifuge until it was carried into colloidal solution from which it 
could not be thrown down by centrifuging for ten minutes in a No. 1 
International centrifuge making 3000 r.p.m. The sol thus formed was 
subjected to dialysis for three weeks, changing the water continuously 
in a Neidle dialyzer. Prepared in this way, the sol is quite pure as 
evidenced by the relatively low precipitation value of salts. 

Since the finely divided precipitate obtained with univalent pre¬ 
cipitating ions does not settle readily, the following procedure was used 
to obtain accurate precipitation values: Ten cubic centimeters of 
sol were mixed with a definite amount of electrolyte diluted to 10 cc. 
The mixture Was allowed to stand two hours, after which 10 cc. of 
the supernatant liquid in the region of the precipitation value was with¬ 
drawn and centrifuged for 10 minutes at 3000 r.p.m. The supernatant 

Phys. Chem., 29, 617, 6S9 (1925J; Sen and lilebro^ Z. anorg. Chern,, IdS, 845 

(1926). 



366 


COLLOID SYMPOSIUM MONOGRAPH 


liquid after centrifuging was transferred to a Nessler tube and examined 
for completeness of precipitation. With the exception of being rather 
time consuming, the procedure was entirely satisfactory. After getting 
the approximate precipitation values in. a given series of experiments, 
the final, accurate values were obtained within 48 hours. The results 
with mixtures of potassium ferrocyanide and both potassium chloride 
and barium chloride are given in Table VIII and shown graphically 
in Figure 4. 

TABLE VIII 

Precipitation of Colloidal Cu- 3 Fe(CN)« by Mixtures (a) 
(Precipitation values in milliequivalents per liter.) 


K 4 Fe(CN)« 

BaCb 

K4Fe(CN)c* 

KCl 

0.0 

1.58 

0.0 

23.8 

12.5 

1.90 

12.5 

157.5 

25.0 

2.00 

25.0 

155.0 

50.0 

2.10 

50.0 

140.0 

100.0 

2.00 

100.0 

112.5 

150.0 

1,60 

150.0 

82.5 

260.0 

0.0 

262.5 

0.0 



per of 


Fig. 4.—Precipitation of Copper Ferrocyanide Sol by Mixtures of Electrolytes (a). 

It will be seen that the addition of potassium ferrocyanide causes 
the precipitation value of potassium chloride to mount sharply to a 
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value more than 6 times that of pure chloride. This indicates that the 
purity of the original sol with respect to ferrocyanide ion is much 
greater than that of Sen’s sol. After the maximum is reached, the 
curve bends sharply and then follows an almost linear course as Sen 
also observed. This means that if one takes an impure copper ferro¬ 
cyanide sol the precipitation values of mixtures of potassium ferro¬ 
cyanide and chloride will be approximately additive on account of the 
absence of cationic antagonism. A similar type of curve should result 
with mixtures of barium ferrocyanide and barium chloride. This was 
found to be true so far as the linear part of the curve is concerned; 
but the sharp maximum could not be detected with certainty since the 
precipitation concentrations of the chloride and ferrocyanide of barium 
were so close together. 

On turning to the potassium ferrocyanide-barium chloride curve, 
contrary to Sen’s observations, one is impressed with the very great 
similarity to the curves obtained with alkali—^alkaline earth salt pairs on 
arsenious sulfide sol. Since in the latter case both cationic antagonism 
and the stabilizing action of the anion play a role, it is possible that the 
difference between the potassium ferrocyanide-barium chloride curve 
and the potassium ferrocyanide-potassium chloride curve with copper 
ferrocyanide sol, is due to the absence of cationic antagonism in the 
first instance and its presence in the second. 

It should be emphasized however that the initial increase in precipi¬ 
tation value of BaClo in the presence of potassium ferrocyanide is due 
primarily to the effect of ferrocyanide ion. Thus from the results 
recorded in Table IX and shown graphically in Figure 5, it will be 
seen that the precipitation values of mixtures of KCl and BaClg fall 


TABLE IX 

Precipitation of Colloidal Cu2Fe(CN)« by Mixtures (b) 
(Precipitation values in milliequivalents per liter.) 


KCl 

+ 

BaCla 

KCl 

+ 

CuQa 

0,0 


1.58 

0.0 


0.350 

2.5 


1.38 

2.5 


0275 

S.0 


1.26 

5.0 


0265 

10.0 


0.97 

7.5 


0245 

12.5 


0.83 

11.8 


0.180 

13.8 


0.75 

16.8 


0.100 

20.0 


0.25 

23.8 


0.000 

23.8 


0.0 





slightly below the additive value at the lower concentrations of KCI; 
but at higher concentrations of KCl the values are slightly greater than 
additive. The same is true for mixtures of KCl and CuCU and of 
KCl and CuS 04 .^* For arsenious sulfide sol, the cationic antagonism 

“ C/. however, Gurchot, J . Phys . Chem ., 30, 98 (1926). 
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between ix)tassium and barium ion is greater in ferrocyanide than in 
chloride solution.^' No experiments have been carried out to deter¬ 
mine whether a similar condition exists with copper ferrocyanide sol. 

As a result of these observations, it is evident that the precipitation 
values for sols of mixtures of two electrolytes may be additive, may 
be greater than the additive values, or may be less than the additive 
values. Moreover, it would seem that three factors, at least, may influ¬ 
ence the precipitation concentration of salt pairs: (1) The effect of 
each precipitating ion on the adsorption of the other, (2) the stabilizing 
action of ions having the same charge as the sol, and (3) the relatively 
greater adsorbability of ions at lower concentrations. The antagonistic 
action between precipitating ions of the same charge is important in 



Fig. S.—Precipitation of Copper Ferrocyanide Sol by Mixture of Electrolytes (b). 

raising the critical concentrations above the additive value only in case 
the ions show a marked difference in adsorbability. Variation from 
the additive relationship with mixtures of salt pairs having a common 
precipitating ion, results only when there is an appreciable difference 
in the adsorbability of the stabilizing ions, the magnitude of the varia¬ 
tion from an additive relationship being determined by the difference 
in adsorbability. If the first and second factors referred to above are 
not too pronounced, the precipitation values of mixtures may fall below 
the additive value on account of the relatively greater adsorbability of 
preciptating ions at low concentration. 

Since the addition of alkali chloride to arsenious sulfide sol and of 
alkali ferrocyanide to copper ferrocyanide sol increases the precipitation 
value of BaCls, the question arises whether the sols coagulated by 
BaCU alone wfll be repeptized by the addition of alkali salt. The 

"Weiser, J, Fhys, Chem., 30, 29 (1926). 
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answer is, that it will be provided the alkali salt exerts an appreciable 
peptizing action. When a sol like Freundlich and Nathanson's arsenious 
sulfide is treated with barium chloride, the very minute primary colloidal 
particles coalesce into larger primary ultramicrons which finally agglom¬ 
erate into secondary particles and these, in turn, into clumps. If 
potassium chloride is added to such a coagulum a sol is not reformed 
on account of the relatively low peptizing action of chloride ion. On 
the other hand, the addition of potassium ferrocyanide to a copper 
ferrocyanide coagulum reverses the coagulation on account of the 
marked peptizing power of the anion for copper ferrocyanide. 

Attention should be called, in passing, to an interesting property of 
arsenious sulfide. It has been observed repeatedly that the critical 
concentration of electrolytes does not cause agglomeration of the neu¬ 
tralized particles into a clump, unless the mixture is shaken. What 
apparently happens is, that the charge on the particles is neutralized, 
but instead of agglomerating into a clump the individual particles with 
their film of adsorbed water coalesce to a loose jelly structure that is 
broken up by shaking. If a concentration of electrolyte close to the 
critical value is used and the sol is allowed to stand quietly for a day 
or two, the surface of the precipitate as it settles, appears to be a fairly 
strong, translucent, mobile film strikingly similar in appearance to that 
of a copper ferrocyanide membrane. 

III. Ionic Antagonism in Biological Systems. 

The behavior of colloidal solutions of such substances as arsenious 
sulfide and copper ferrocyanide in the presence of salt pairs is of im¬ 
portance owing to the existence of what appear to be analogous phe¬ 
nomena in biological systems. 

Forty-five years ago, Ringer attempted to use a sodium chloride 
solution isotonic with the blood, for the continuous perfusion of the 
heart of a frog. This solution was unsatisfactory as the beats diminished 
gradually and ceased entirely after a few minutes. It was discovered 
that traces of the chlorides of calcium and potassium added to the salt 
solution gave a perfusion liquid capable of maintaining the heart beat 
at a satisfactory height for a considerable time. The so-called “Ringer’s 
solution” contains 0.13 M NaCl, 0.0011 M CaCl 2 , and about 0.0002 M 
KCl.®^ Similarly, Jacques Loeb found that certain marine organisms 
are killed quickly when transferred to a solution of sodium chloride 
having the same concentration as sea water; but the destructive action 
of the sodium chloride is neutralized by adding CaCl 2 in the ratio of 
one or two mols of the latter to 200 of the former. It is a striking 

«»/. Physiol., 3, 880 (1880-82); 4, 29. 222 (1882-83); 7, 291 (1886). 

Bayliss, ‘‘Principles of General Physiology,” 207 (1920). 

^PAUgir’s Arch., 97, 394 (1903); Loeb and Wasteneys;, Biochem. Z., 32, 308 (1911); 
7. Biol. Chem., 21. 223 (1916). 
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fact that the optimum ratio of NaCl to CaClg is approximately the 
same as it is in nature, in sea-water, and in the blood of animals. A 
similar relationship obtains with certain plants. Thus Osterhout^® 
demonstrated that wheat grown in a solution containing 0.12 M NaCl 
and 0.0012 M CaCU develops extensive rootlets and shows other signs 
of healthy growth whereas in solutions of either 0.12 M NaCl or 0.0012 
M CaClo alone, no growth occurs. Moreover, zoospores of Vaucheria 
grow rapidly in a solution of 0.01 M NaCl and 0.0001 M CaCl 2 or 
even in pure water; but show no signs of growth in either 0.01 M NaCl 
or 0.0001 M CaCl 2 . Observations of a similar character have been 
made repeatedly by a number of other biologists so that the antago¬ 
nistic action of salts on living organisms can be considered as one of 
the commonplaces of biological science. 

The influence of salts on living cells appears to be closely related 
to their permeability. Osterhout studied the effect of various electro¬ 
lytes on the conductivity of certain sea weeds such as Laminaria. Im¬ 
mediately after removal from sea water he found the tissues to exhibit 
a practically constant resistance to the passage of the current; but on 
exposure to a comparable NaCl solution the resistance decreased and 
to a comparable CaCL solution the resistance increased; while exposure 
to properly balanced mixtures containing 100 mols NaCl to 1 to 2 mols 
CaCl 2 caused no appreciable variation from the normal. If Laminaria 
is first immersed in a 2.S per cent solution of pure sodium chloride the 
electrical conductivity is increased; on adding a little calcium chloride 
to the solution, the sea weed returns to normal conductivity without 
showing signs of permanent damage.®® It appears, therefore, that the 
protoplasmic membrane is a physical system capable of undergoing 
reversible variations in permeability as a result of exposure to solutions 
containing varying amounts of sodium and calcium salts. From such 
observations, Osterhout®® divides substances into two groups (1) those 
which cause an increase in permeability and (2) those which can pro¬ 
duce a decrease in permeability. From this point of view, substances 
belonging to the first class will antagonize those belonging to the second 
and vice versa. ‘'The soundness of this point of view is indicated not 
only by the fact that we are able to predict both qualitatively and (to 
a considerable extent) quantitatively the effect of combinations of salts 
but also by the very significant fact that we are able to extend this 
conception to organic compounds and to show that non-electrolytes 
which decrease permeability can also antagonize such substances as 


»Plant World, 16, 129 <1913); J, Biolog. Chem., 19, 335 (1914). 

Lniie, Am. J Physiol, 29 372 (1912); Netter, H6ber*s «Physik. Chem. d. Zilh 
^ Part II, 662, 668; Spiro, Schweis mod. Wockschr., 61, 457 (1922); Utin, 

XXXf 887 (1922). 

•^SHenee (2) 35, 112; 36, 850 (1912). 

** Osterhout, Science (2), 34, 187 (1911). 

” Science (2), 41, 265 (1916), 
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NaCl. These facts indicate that the hypothesis may be applied in a 
general manner so as to include both electrolytes and non-electrolytes.” 

This hypothesis does not account for the change in permeability, 
but Clowes has sought to explain it by comparing the cell membrane 
to an oil-water emulsion in which soaps concentrate at the interface be¬ 
tween oil and water lowering the surface of one or the other depending 
on whether the soap is oil-soluble or water-soluble.®® Thus we should 
expect an emulsion of oil in water in the presence of sodium salts and 
of water in oil in the presence of calcium salts. ‘‘Salts of calcium pro¬ 
mote and alkalies and salts of sodium inhibit the transformation of a 
system consisting of a non-aqueous phase dispersed in water into the 
reverse type of system, consisting of water more or less perfectly dis¬ 
persed in a non-aqueous phase. If the analog of islands surrounded by 
water and lakes surrounded by land is considered, it will be obvious that 
a transformation has been effected from a system which is freely per¬ 
meable to water to one which is impermeable, if the transformation is 
complete. Since the transformation in one direction is effected by salts 
of calcium and in the reverse direction by salts of sodium, any inter¬ 
mediate degree of permeability might well be obtainable by simply 
varying the proportions of the salts of sodium and calcium introduced 
into the system.” From this point of view, it would follow that the 
critical ratio of sodium and calcium salts is one which produces a bal¬ 
ance between the two types of emulsion that is most favorable for life 
and growth. In support of his hypothesis Clowes, working with oil, 
water, and soap, showed that the ratio of sodium and calcium salts 
necessary to produce a balancing between these two types of emulsions 
was about the same as that found in sea water. Although quite sug¬ 
gestive, Clowes’ view that a cell membrane is a labile emulsion is in¬ 
adequate to account for the marked osmotic pressure which a cell mani¬ 
fests. It seems better, at least for the present, to consider the cell 
membrane as a more or less rigid, semi-permeable pellicle comparable 
in certain respects to a copper ferrocyanide membrane. 

From what we now know of the structure of jellies and gelatinous 
precipitates,®® it seems probable that a copper ferrocyanide membrane 
consists of myriads of minute particles which adsorb water strongly. 
As a result of investigations carried out in Bancroft’s laboratory 
Gurchot ®’' considers a copper ferrocyanide film to be a negative colloidal 
film analogous to a colloidal sol. It is therefore a granular membrane 
the space between the particles of which is more or less completely filled 
with adsorbed water* The film is therefore a dynamic system capable 
of reversible coagulation. 

Phys, Chem,, 20. 407 (1916).^ 

Bancroft, '‘Applied Colloid Chemistry,*^ 261 (1921). 
w Cf, Wciser. Bogue’s “Colloidal Behavior.** 1, 877 (1924). 

Phys. Chem., SO, 88 (1926). 
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This concept of the nature of a copper ferrocyanide membrane en¬ 
ables one to account for a number of facts. To illustrate, it is known 
that below a certain concentration of salts the latter will pass through 
a copper ferrocyanide membrane and sugar will not; while at higher 
salt concentrations, both will pass through. This is explained by assum¬ 
ing that no coagulation of the membrane takes place below a certain 
critical concentration of salt. The salts being soluble in water dissolve 
in the water layer and so pass through the membrane. Sugar molecules 
cannot go through in this way because of strong negative adsorption. 
When the salt concentration reaches the critical coagulation value, there 
results agglomeration of the particles which carry with them their film 
of adsorbed water leaving cracks through which the sugar can pass. 
Reversing the coagulation by adding a peptizing agent reforms the 
semipermeable film and the sugar will no longer pass through. Gurchot 
apparently succeeded in accomplishing this reversal in permeability to 
sugar after coagulation with alcohol and salts, by means of CUSO 4 . For 
some reason Gurchot did not try potassium ferrocyanide which would 
doubtless have produced the desired results in very low concentration. 
The difficulty of testing for sugar in the presence of ferrocyanide does 
not seem to be sufficient reason for not trying the latter reagent. 

If the membrane of a living cell is a colloidal film similar to a col¬ 
loidal sol that can undergo reversible coagulation, there would appear 
to be a close analogy between the action of salt pairs in the precipitation 
of such sols as copper ferrocyanide and arsenious sulfide and the an¬ 
tagonistic action of salt pairs on the permeability and hence on the life 
and growth of living cells. From this point of view, all of the factors 
influencing the precipitating action of salt pairs as it effects the stability 
of sols, which I have outlined above, will be concerned in the antagonis¬ 
tic action of salt pairs as it affects the permeability of protoplasm. 

Summary. 

1 . In the precipitation of sols there is an antagonistic action between 
the oppositely charged ions of a precipitating electrolyte in the sense 
that the greater the adsorption of the stabilizing ion, the greater must 
be the adsorption of the precipitating ion to effect neutralization* 

2. In the simultaneous adsorption from mixtures of two electrolytes 
having no ion in common, the most readily adsorbed cation and anion 
are taken up most and the other pair least readily; while from mixtures 
having one ion in common, the oppositely charged ions are each adsorl^ed 
less than if the other were absent but the most readily adsorbed ion 
is displaced the least. 

3. The precipitation values for sols of mixtures of two electrolytes 
may be additive, may be greater than the additive values or may be less 
'ban the additive values. 
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4. The factors which determine the precipitation concentration of 
mixtures are: (1) The eifect of each precipitating ion on the adsorp¬ 
tion of the other. (2) The stabilizing action of ions having the same 
charge as the sol. (3) The relatively greater adsorbability of ions at 
lower concentrations. 

5. The antagonistic action between precipitating ions of the same 
charge is important in raising the critical concentrations above the 
additive value, only in case the ions show a marked difference in ad¬ 
sorbability. This effect predominates when arsenious sulfide sol is 
precipitated by mixtures of the chlorides of barium and potassium. 

6. Under certain conditions, the critical values for mixtures of two 
electrolytes may rise above the additive value even when the precipi¬ 
tating ions of the two are identical, thus, eliminating antagonism be¬ 
tween precipitating ions. 

7. Variation from the additive relationship with mixtures of salt 
pairs having a common precipitating ion, results only when there is 
an appreciable difference in the adsorbability of the stabilizing ions, 
the magnitude of the variation from an additive relationship being 
determined by this difference in adsorbability. 

8. If the first and second factors referred to in (4) are not too 
pronounced, the precipitation values of mixtures may fall below the 
additive value on account of the relatively greater adsorbability of 
precipitating ions at low concentrations. 

9. The antagonistic action of salt pairs on protoplasm is determined 
by their effect on the permeability of the cell membrane. 

10. The membrane of a living cell may be a colloidal film similar 
to a colloidal sol that can undergo reversible coagulation. If so, there 
would appear to be a close analogy between the action of salt pairs 
toward such sols as copper ferrocyanide and arsenious sulfide and the 
antagonistic action of salt pairs on the permeability and hence on the 
life and growth of living cells. 

The Rice Institute, 

Houston, Texas. 
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